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Abstract 
 
Research  presented  in  this  thesis  describes  the  genetic  make‐up  of  extremely  stable  broad 
host range cloning vectors and their use in the stable cloning and heterologous expression of 
genes and gene clusters from high G+C organisms, including Streptomycetes, in Escherichia coli 
K12 and other heterologous hosts.  
 
The  broad  host  range  cloning  and  expression  vector  pPSX  was  completely  sequenced  and 
analysed. pPSX is 14.7kb in length and contains the fusion of two continuous segments of the 
parental 34kb  IncW plasmid R388. Segment one contains  trwA', parB, orf35, oriV/repA,  resP, 
orf38, intI1, dhfr, orfA, qacEΔ1, sul1 and orf5’. Plasmid partitioning systems are encoded in two 
closely linked genes parA, parB and a cis‐acting centromere‐like site parS. Sequencing of pPSX 
identified a homolog of ParB, but there were no direct homologs of either ParA or ParS. The 
multiple  cloning  site  (MCS)  from  the pUC  vector  constructs  and  the  cohesive  end  site  (COS) 
from the pHC79 cosmid vector were  inserted  into orfA.  The  second segment contains  trwA', 
oriT,  orf18,  orf19,  orf20,  orf21,  orf22,  orf23  and  orf5'  resides  in  the  opposite  orientation 
compared with pR388. There are eight open reading frames (orfs) of unknown function. orf18, 
19 and 20 show homology to the stability operon (staABC) of IncN plasmids. These genes are 
situated  next  to  oriT  and  are  most  likely  involved  in  the  mobilisation  of  pPSX  during 
conjugation. The putative product of orf18 shows homology to the transfer protein TraD of the 
naphthalene catabolic plasmid pNAH7 of Pseudomonas putida. The putative product of orf23 
shares  some  homolog  with  the  type  I  restriction/modification  system  methylase  from 
Burkholderia pseudomallei. One possible explanation is that orfs21, 22 and 23 encode a type I 
restriction/modification  addiction  system.  If  this  were  the  case  then  orfs21  and  22  would 
encode  the  restriction  endonuclease  (R)  and  specificity  (S)  protein.  Neither  of  the  putative 
products of these two orfs have any homology to known endonucleases or specificity enzymes. 
orf35 appears to be a transcriptional regulator and its close proximity to parB suggests that it 
may play a role in the regulation of plasmid partitioning. orf38 is located between a resolvase 
gene (resP) and an integrase gene (intlI) suggesting a role in transposition. 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pPSY is a 12kb cloning vector derived from the IncW plasmid R388, which provides a rapid and 
easy way to stably clone phenotypes encoded in DNA segments <10kb. In the current study, an 
amylase gene  (amyA) derived  from  the high G+C Gram‐positive  streptomycete Streptomyces 
lividans, was amplified by PCR, cloned into pGEM‐T Easy, and sub‐cloned into the EcoRI site of 
pPSY. The S. lividans amyA gene was strongly expressed in E. coli K12 from its native promoter. 
Unlike  pGEM‐T  Easy,  pPSY  stably  maintained  the  amyA  gene  without  the  requirement  for 
antibiotic selection. These results demonstrate the applicability of pPSY as a stable amplicon‐
cloning vector for the expression of heterologous genes in E. coli K12 DH5α. This demonstrates 
that streptomycete genes can be cloned, stably maintained and strongly expressed from their 
own promoters in E. coli K12. This opens up the real possibility that other streptomycete genes 
and gene clusters can be expressed in E. coli K12 from their own promoters. 
Actinobacteria  are  a  large  group  of  biologically  significant  bacterial  genera  that  include 
Streptomyces, Mycobacterium, Nocardia, Rhodococcus and Gordonia. Genomic sequencing of 
actinobacteria has revealed a wealth of accessory gene clusters devoted to the catabolism of 
complex molecules and the synthesis of antibiotics. The cloning vector pPSX allows the stable 
cloning and expression of antibiotic gene clusters from high G+C Gram‐negative bacteria and 
individual  catabolic  genes  from  high  G+C  Gram‐positive  Streptomycetes  in  E.  coli  K12.  To 
extend  these  observations  to  other  streptomycete  genes,  a  cosmid  clone  bank  of  the 
streptomycete  Lechevalieria  aerocolonigenes was  constructed  in E.  coli  K12  LE392  using  the 
stable  cosmid/BAC  cloning  vector  pPSX.  Clones  from  this  bank  were  examined  for  gene 
expression. A novel medium, Philip Methylene Blue Salt (PMBS) agar was developed and used 
to detect cosmid clones which strongly absorbed/oxidized the methylene blue. When the first 
of  these  cosmid  clones,  designated  LACB1, was  sequenced  it  revealed  a  cluster  of  catabolic 
genes.  One  of  these  genes,  pcpB,  encoded  a  pentachlorophenol‐4‐monooxygenase. 
Pentachlorophenol is a toxic, man made molecule, which is used as a wood preservative and is 
also an unwanted by‐product of the bleaching process used in paper making. When LACB1 was 
introduced  into E.  coli K12, Ralstonia eutropha  JMP228 and Pseudomonas  stutzeri  JMP783  it 
conferred  increased  resistance  to  PCP.  Subcloning  revealed  that  pcpB  alone  can  confer 
resistance to PCP as well as the ability to absorb/oxidize methylene blue. Since many catabolic 
and  antibiotic  gene  clusters  contain  oxygenase  genes,  PMBS  agar  could  be  used  to  screen 
cosmid/BAC libraries for catabolic and antibiotic gene clusters. The heterologous expression of 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the oxygenase gene may indicate that other genes in these clusters are expressed in E. coli K12 
from their own promoters. 
Conventional genomic sequencing and analysis has revealed that functionally related bacterial 
genes  encoding  such biologically  significant  traits  as  photosynthesis,  antibiotic  synthesis  and 
pathogenicity occur in gene clusters. Ongoing genomic sequencing has uncovered a significant 
number of  additional  gene  clusters  of  unknown  function. Where  these  gene  clusters  can be 
cloned and expressed in E. coli K12, functional analysis is greatly accelerated. If E. coli K12 does 
not  express  the  gene  cluster,  then  other  genetically  amenable  hosts  can  be  used.  In  the 
present study the broad host range cloning vector pPSX was used to clone the carotenoid gene 
cluster  from  Rhodobacter  sphaeroides  and  the  violacein  antitumour  antibiotic  gene  cluster 
from  Chromobacterium  violaceum  and  express  them  in  a  range  of  heterologous  hosts.  The 
carotenoid  cluster was  expressed  in Pseudomonas  stutzeri  JMP783, Paracoccus  denitrificans 
JMP228, Agrobacterium  radiobacter  JMP961  and  Rhodobacter  sphaeroides  RS7001;  but  not 
expressed in Ralstonia eutropha JMP228. While the violacein gene cluster was expressed in all 
heterologous  hosts,  including  E.  coli  K12;  with  very  strong  expression  observed  in  A. 
radiobacter  and  P.  stutzeri.  This  study  suggests  pPSX  can  be  used  to  express  multi‐gene 
phenotypes in a wide range of genetically amenable heterologous hosts. 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Bacteria  encode a  variety of  biologically  significant properties, which  range  from such  single 
gene phenotypes as the synthesis of amylases,  lipases and chitinases to more complex multi‐
gene  phenotypes  such  as  antibiotic  synthesis  and  photosynthesis.  To  date, more  than  1000 
bacterial genomes have been sequenced and with the rapid developments in DNA sequencing, 
it  is envisioned that the number of genomes sequenced will  increase exponentially in coming 
years.  Bioinformatic  analysis  of  the  increasing  catalogue  of  DNA  sequences  reveals  many 
known  functions.  However, most  genomes  contain  a  significant  number  of  genes  and  gene 
clusters  of  unknown  function.  In  both  cases,  functional  analysis  is  necessary  to  confirm  the 
prediction obtained  from bioinformatic  analysis or  to  allocate a  function  to unknown genes. 
Whether  the genes are cloned  from single culturable organisms or come  from metagenomic 
collections of organisms obtained en masse  from particular environmental niches,  functional 
analysis is greatly facilitated if the genes can be cloned and expressed in suitable heterologous 
hosts such as E. coli K12.  
 
One  of  the  hurdles  encountered  during  functional  studies  is  the  inability  of  E.  coli  K12  to 
express a number of cloned and sequenced genes (Martinez et al., 2004). There are a variety 
of reasons why some genes are not expressed, which include a lack of precursors, variations in 
codon  usage  and  lack  of  compatible  promoters  (Gustafsson et  al.,  2004).  There  are  at  least 
three  strategies  that  can  be  used  to  gain  expression  in  E.  coli  K12.  First,  the  codons  in  the 
cloned DNA can be changed to more closely resemble those of E. coli K12. Second, E. coli K12 
can be altered to accept greater variations in codon usage (Handelsman, 2004; Martinez et al., 
2004).  Both  of  these  approaches  are  time  consuming  and  do  not  address  the  inherent 
expression problems presented by lack of precursors or incompatible promoters. 
Chapter 1: Introduction 
3 
 
 
A third approach may prove to be more successful. Construct novel cloning vectors that enable 
stable,  high  level  expression of  genes  in E.  coli  K12,  an organism  familiar  to most molecular 
biologists.  For  those  remaining  genes  not  expressed  in  E.  coli  K12,  a  range  of  additional 
heterologous hosts can be employed. A large portion of the genes cloned and expressed in the 
present  study  were  isolated  from  high  G+C  organisms,  which  include  S.  lividans,  L. 
aerocolonigenes, R. sphaeroides and C. violaceum. 
 
A  previous  study  from  this  laboratory  by  Sarovich  and  Pemberton  (2007)  produced  a  highly 
stable  cloning  vector,  pPSX,  which  allows  stable  cloning  and  expression  of  the  toxic, 
antitumour,  antibiotic  violacein  gene  cluster  from  C.  violaceum  in  E.  coli  K12.  The  absolute 
stability  of  this  vector, while  encoding  and expressing  violacein  synthesis  in E.  coli  K12,  is  in 
stark contrast to the instability observed with the widely used ColE1‐based pUC plasmids. An 
example of  this  is  the cloning of  the violacein  cluster  into pUC18, which  results  in  instability 
and loss of the plasmid and/or insert. The first task of the research presented in this thesis was 
to sequence pPSX and determine which genes contributed to its high stability in E. coli K12. 
 
The  second  task of  the  research presented here was  to determine  if  pPSX  could be used  to 
stably  clone  and  express  a  variety  of  streptomycete  genes  in  E.  coli  K12  from  their  own 
promoters. The gene chosen for this  initial study was the amyA gene of S.  lividans;  this gene 
encodes an extracellular alpha amylase. 
 
Successful  stable  cloning  and  expression  of  a  single  streptomycete  gene  of  known  function 
indicated that it might be possible to stably clone and express a wide range of streptomycete 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genes and gene clusters in E. coli K12. To determine if this was possible, a pPSX cosmid clone 
bank of the streptomycete L. aerocolonigenes was constructed in E. coli K12 and screened for 
expression  of  a  range  of  genes.  The  third  task  was  to  develop  a  simple  phenotypic  test  to 
identify  L.  aerocolonigenes  cosmids  whose  genes  were  expressed  in  E.coli  K12.  This  was 
achieved  by  the  development  of  Philip  Methylene  Blue  Salt  (PMBS)  agar,  which  identifies 
oxygenase  genes.  The  oxygenase  positive  clone,  LACB1,  encodes  a  catabolic  gene  cluster. 
Subcloning  and  sequencing  of  this  cosmid  revealed  that  the  gene  responsible  for  the 
oxygenase  phenotype  was  a  pentachlorophenol‐4‐monooxygenase  from  L.  aerocolonigenes. 
Since many catabolic and antibiotic gene clusters possess oxygenase genes, PMBS may provide 
a simple method of identifying Cosmid/BAC clones, which encode such gene clusters. 
 
The successful stable cloning and expression of single and multiple gene phenotypes in E. coli 
K12  using  pPSX  suggests  that  many  more  streptomycete  genes  may  be  expressed  in  this 
heterologous host. However,  there are gene clusters  that are not detectably expressed  in E. 
coli K12. For example, the lack of expression of polyketide antibiotics in E. coli K12 is due to the 
absence  of  native  precursor molecules  (August et  al.,  2000).  In  other  instances,  the  reasons 
behind this lack of expression remain a mystery. This is true of the R. sphaeroides carotenoid 
gene cluster, which is not expressed in E. coli K12. However, this gene cluster is expressed in a 
range of other Gram‐negative heterologous hosts. This  is  important, since the R. sphaeroides 
carotenoid  gene  cluster  forms  part  part  of  the  much  larger  photosynthesis  gene  cluster. 
Heterologous expression of one part of the photosynthesis gene cluster may provide valuable 
clues on how to gain heterologous expression of  the entire photosynthesis gene cluster. The 
last  task  of  this  research  was  to  examine  heterologous  expression  of  the  carotenoid  and 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violacein multi‐gene phenotypes in a range of bacteria including E. coli K12. The strains chosen 
for this study were A. tumefaciens, P. stutzeri, P. denitrificans, R. eutropha and R. sphaeroides. 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2.1 Introduction ‐ Natural Product Discovery 
 
Bacteria constitute a significant portion of organisms that share this planet. These microscopic 
organisms are the driving force behind many physiological processes that are essential for the 
survival  of  numerous  other  higher  life  forms.  Many  of  the  known  functions  facilitated  by 
bacteria  have  been  exploited  either  as  industrial  processes  or  therapeutic  compounds. 
Interestingly,  several  of  these  molecules/functions  are  exclusive  to  bacteria  as  modern 
chemistry  is  frequently unable  to  replicate  the  required processes or  the  reactions prove  far 
too  costly  to  be  useful.  Not  surprisingly,  bacteria  boast  the  most  comprehensive  range  of 
biological phenotypes  in comparison to other organisms. Phenotypes range  from single gene 
phenotypes such as the production of starch‐degrading enzymes to more complex multi‐gene 
phenotypes such as photosynthesis. The majority of enzymes and molecules from bacteria can 
be broadly divided  into two distinct groups: primary metabolites and secondary metabolites. 
Primary metabolites represent compounds such as sugars, fatty acids and base molecules that 
are  ubiquitous  amongst  most  living  organisms.  These  primary  metabolites  are  absolutely 
essential for cell growth and development and are synthesised by all cells.  Molecules that are 
non‐essential  for  growth  and  development  are  described  as  secondary  metabolites.  These 
compounds vary depending on the organism. For example,  the purple anti  tumour antibiotic 
violacein  is  only  produced  by  a  small  group  of  bacteria  such  as  C.  violaceum  and 
Janthinobacterium lividum. Perhaps the best‐known secondary metabolites are the many and 
varied  antibiotics  and  other  chemotherapeutic  agents  produced  by  Streptomycetes.  These 
molecules are of  long standing  interest  to scientists due to their use  in medicine, agriculture 
and industry. 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2.2 Natural Products‐Applications 
 
In  terms  of  industrial  applications,  bacteria  perform  a  number  of  extremely  valuable  tasks 
including  acting  as  biological  production  factories  for  a  wide  range  of  products  from  anti‐
cancer drugs to biofuels. The starch degrading amylases are a family of enzymes that elegantly 
illustrate the importance of bacterial extracellular enzymes.  
 
2.2.1 Amylase‐The Starch Degrading Enzyme 
 
Amylose,  starch  and  other  related  polymers  are  vital  storage molecules  in many  plants  and 
crops. The downstream processing of these polymers provides components that are central to 
many  industrial  applications.  In  terms  of  biofuels,  amylases  can  perform  the  conversion  of 
plant starch to simple sugars such as glucose or maltose, which can then be converted directly 
into ethanol by fermentation. Other prominent examples of industrial starch utilisation include 
anti‐staling agents, fructose and glucose production and laundry detergents (Olempska‐Beer et 
al., 2006; Synowiecki et al., 2006). Many of the conversion and degradation processes that are 
required  for  starch  use  are  garnered  from  bacteria  and  facilitated  by  a  diverse  family  of 
glycosyl hydrolases, better known as α‐amylases. Such molecules now represent nearly 30% of 
the world’s  industrial enzyme production  (van der Maarel et al., 2002). Despite an extensive 
catalogue of enzymes, scientists are still in pursuit of novel amylases with properties that cater 
to increasing commercial demands such as increased thermostability or the ability to carry out 
specific hydrolysis reactions (Haki and Rakshit, 2003). 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A wide variety of soil bacteria, including the abundant actinomycetes, produce amylases. Much 
of  the  starch  in  soil  environments  is  derived  from  decaying  plant  material.  Genomic 
sequencing has  revealed  that actinomycetes encode multiple  copies of  amylase genes; most 
likely  for  the  efficient  acquisition  of  carbon  available  from  the  various  starch  molecules 
(Bentley et al.,  2002).  The ability  to degrade  starch and  the possession of multiple amylases 
makes members of the actinomycetes ideal candidates for amylase research. 
 
The acquisition of energy and carbon via extracellular enzymes is but one avenue for bacterial 
resource  gathering.  Bacteria  also  produce  a  wide  array  of  embedded  photo‐pigments  and 
molecules  with  the  sole  purpose  of  harvesting  light  and  converting  it  into  a  usable  energy 
source.  The  primary  and  most  important  photopigments  are  the  chlorophylls.  However, 
bacteria also synthesise secondary photopigments known as carotenoids. 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2.2.2 Carotenoids ‐ A Diverse Family of Pigments 
 
Carotenoids comprise 80‐90% of the yellow, orange and red pigments that occur naturally  in 
microorganisms,  plants  and  animals  (Raisig  and  Sandmann  2001;  Sharoni  et  al.,  2004). 
Furthermore,  it  has  been  shown  that  carotenoids  play  a  central  role  in  mitigating  photo‐
oxidative damage  in plants and bacteria,  as well  as  their  importance  in  the production of β‐
carotene, the precursor of vitamin A (Biesalski et al., 2007). Recent research into carotenoids 
has  revealed  a  number  of  additional  functions  including  gene  regulation  and  antitumor 
properties (De Las Rivas et al., 1993; Nelson and Cox, 2000; Raisig and Sandmann, 2001; Fraser 
et al., 2008). 
 
Due to the functional diversity and more recently, potential as antitumour agents,  interest  in 
carotenoids has risen. It has also been found that of the 600 known carotenoids, only a small 
proportion can be produced in viable quantities by their natural hosts (Lee et al., 2003). In this 
event, these pathways can be sub‐cloned into a host, such as E. coli K12, in order to facilitate 
up‐scale production. Unfortunately, this in itself may be a problem as a number of carotenoid 
biosynthesis pathways are unable to be expressed in E. coli K12. For example, the carotenoid 
biosynthesis  pathway  from  Erwinia  herbicola  is  expressed  heterologously  in  E.  coli  K12. 
However, the analogous carotenoid cluster from R. sphaeroides (Figure 2.1) is not. 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Figure  2.1.  Rhodobacter  sphaeroides  Carotenoid  Gene  Cluster.  crtA:,  sphaeroidene 
monooxygenase;  crtI,  phytoene  dehydrogenase;  crtB,  phytoene  synthase;  tspO,  function 
unknown  ‐  human  benzodiazopine  receptor;  crtC,  hydroxyneurosporene  synthase;  crtD, 
methoxyneurosporene  dehydrogenase;  crtE,  geranylgeranyl  pyrophosphate  synthase;  crtF, 
hydroxyneurosporene‐o‐methyltransferase (Lee et al., 2003). 
 
Unlike  E.  coli  K12,  alternative  heterologous  hosts  such  as  Paracoccus,  Rhizobium  and 
Agrobacterium  sp.  can  express  the  R.  sphaeroides  carotenoid  gene  cluster  (Pemberton  and 
Harding, 1986; Pemberton and Harding, 1987). These studies  indicate that not all carotenoid 
gene  clusters  can  be  directly  cloned  and  expressed  in  E.  coli  K12.  To  overcome  the  lack  of 
expression  of  these  and  other  gene  clusters  E.  coli  K12,  a  number  of  strategies  have  been 
employed.  The  first  and most widespread method  is  dependent on  identification of  suitable 
alternative  strains  capable  of  expressing  these  pathways.  The  second  method  requires 
substitution  of  individual  genes  and  promoters  from  different  bacteria  in  the  pathway  so 
suitable expression can occur in E. coli K12. Fortuitously, substitution of different genes carries 
with  it the added benefit of generating a myriad of potential novel compounds. Through this 
method, novel  carotenoids can be synthesised  in E.  coli K12  from the core Erwinia pathway, 
which has been modified by addition of one or more genes  from other carotenoid pathways 
(Sandmann,  2002;  Schmidt‐Dannert  et.  al.,  2000).  Isolation  of  additional  carotenoid  gene 
clusters  should  greatly  enhance  the  ability  to  generate  novel  carotenoids  by  substitution  of 
different genes, a process known as metabolic engineering. 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Microorganisms  can  also  produce  a  wide  range  of  therapeutic  compounds.  According  to 
Lefevre and co‐workers  (2008), of  the nearly 900 drugs that are  in current use, sixty percent 
are  from  natural  origins  (Lefevre  et.  al.,  2008).  The  forerunner  in  this  particular  area  of 
research  was  Fleming’s  initial  discovery  in  1929  of  penicillin.  This  discovery  resulted  in  the 
unearthing  of  over  250,000  bioactive  compounds,  with  an  estimated  23,000  derived  from 
secondary  metabolites  (Olano  et  al.,  2008).  One  secondary  metabolite  in  particular  is  the 
intensely purple pigmented, antitumour antibiotic violacein, synthesised by the Gram‐negative 
bacterium C. violaceum. 
 
2.2.3 Violacein and the Indolocarbazole Family of Antitumor Antibiotics 
 
The  indolocarbazole  family  represents  a  group  of  natural  products  that  exhibit  numerous 
properties including antiparasitic, antiviral, antitumour and antibacterial activities (Sánchez et 
al., 2002). Of the fifty known indolocarbazole producers, most are produced by bacteria from 
the Actinobacteria phylum (discussed in section 2.6). Indolocarbazoles have been divided into 
three groups based on their unique molecular structures (Sánchez et al., 2002). Of interest in 
current studies are the indolocarbazoles containing a characteristic indolo [2,3‐a] pyrolo [3,4‐c] 
carbazole moiety. This group can be further subdivided into two sub‐classes according to their 
modes  of  action.  Class  I  indolocarbazoles  are  inhibitors  of  Protein  Kinase  C  (PKC).  The most 
noteworthy member of  this  class  is  the  antitumour  antibiotic  staurosporine,  a  highly  potent 
apoptotic  agent  (Prudhomme,  2004).  Class  II  indolocarbazoles  inhibit  topoisomerases  I  or  II 
and are  represented by another well known antitumour antibiotic,  rebeccamycin  (Marminon 
et al., 2002 and Sánchez et al., 2002). 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These two sub‐classes of indolocarbazoles are currently the center of indolocarbazole research 
for  a  number  of  reasons.  First,  these  compounds  have  well  documented  antitumour  and 
apoptotic activities. Recent research has shown members of these subclasses may prevent the 
reactivation of HIV‐1  (Long et al., 2002; Sánchez et al., 2002). Second,  the synthesis of  these 
compounds  is  encoded  in  single  streptomycete  gene  clusters.  These  individual  gene  clusters 
have  been  cloned,  sequenced  and  characterised,  and  in  the  case  of  rebeccamycin, 
heterologously  expressed  in  E.  coli  K12  (Hyun  et  al.,  2003).  However,  it  was  the  hallmark 
studies on the antitumour antibiotic violacein that first revealed the basic mechanism behind 
indolocarbazole synthesis (August et al., 2000). A progenitor study in 1991 by Pemberton and 
co‐workers led to the successful cloning and expression of violacein in the heterologous host E. 
coli K12, making it the first antibiotic biosynthesis pathway to be cloned and expressed in to E. 
coli  K12  (Pemberton  et  al.,  1991).  A  subsequent  study  by  August  and  co‐workers  (2000) 
sequenced and functionally analysed the genes responsible  for violacein synthesis  (August et 
al., 2000).  
 
Violacein  is  a  purple‐pigmented,  antitumour  antibiotic  produced  by  the  bacterium  C. 
violaceum. The violacein biosynthetic gene cluster comprises five contiguous genes, vioABCDE, 
encoding  at  least  three  different  types  of  enzymes.  VioA,  VioC  and  VioD  are  FAD 
monooxygenases  that  belong  to  the  PHEA  (phenol  hydroxylase)/  TFDB  (2,4  dichlorophenol 
hydroxylase)  family  of  enzymes,  whereas  VioB  is  a  large  multifunctional  enzyme  that 
synthesises the violacein core molecule (Figure 2.2). 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Figure  2.2.  The  Violacein  Biosynthesis  Gene  Cluster.  vioA:  FAD  monooxygenase; 
vioB:Indolocarbazole  Synthase;  vioC:  FAD monooxygenase;  vioD:  FAD monooxygenase;  vioE: 
tryptophan halogenase (Sánchezet al., 2006; Teng and Pemberton unpublished data).  
 
August  and  co‐workers  (2000)  demonstrated  that  VioA,  VioB,  VioC  and  VioD were  the  only 
enzymes  required  to  synthesise  the  purple  antitumour  antibiotic  violacein  from  tryptophan 
and  oxygen.  Contiguous  with  and  upstream  of  vioA  is  plpA,  which  encodes  a  haemolytic 
phospholipase  C  (PLC)  (Ahmetagic  and  Pemberton,  2010).  PLCs  are  major  pathogenesis 
determinants  in  both  Gram‐positive  and  Gram‐negative  bacteria.  Downstream  of  vioD,  and 
transcribed  in  the  reverse  orientation,  is  vioE,  which  has  homology  with  tryptophan 
halogenases.  The  function  of  this  gene  was  originally  thought  to  be  the  generation  of 
chlorinated  intermediates;  however,  recent  research  has  determined  that  VioE  may  be 
responsible  for  the  1→2  shift  of  the  indole  ring,  a  characteristic  feature  of  indolocarbazoles 
(August  et  al.,  2000;  Sánchez  et  al.,  2006).  In  contrast  to  the  succesful  elucidatation  of  the 
genes,  the  enzymatic  steps  involved  in  the  biosynthesis  of  violacein  remain  enigmatic 
undergoing a number of major changes in the past decade (August et al., 2000; Sánchezet al., 
2006b). 
 
Initial versions of this pathway predicted a simple fusion of two altered tryptophan molecules 
(Figure  2.3.a).  These  modified  molecules,  indole  pyruvic  acid  and  5‐hydroxytryptophan 
(generated via VioA and VioD), are subsequently condensed by the  Indolocarbazole Synthase 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(ICS), VioB,  to  form  the bis‐indole backbone or  the  core of  the violacein molecule. Once  the 
core has been synthesised, the developing violacein is then further modified by VioC to create 
the final violacein molecule (Figure 2.3a) (August et al., 2000).  
 
 
 
Figure 2.3.a. Early Version of the Violacein Biosynthesis Pathway. An illustration of one of the 
first  incarnations  of  the  pathway  (August  et  al.,  2000;  Sarovich,  personal  communication). 
Abbreviations:  vioA,  FAD  monooxygenase;  vioB,  Indolocarbazole  Synthase;  vioC,  FAD 
monooxygenase; vioD, FAD monooxygenase; vioE, tryptophan halogenase 
 
This basic pathway was later shown to be more complex than previously envisioned, revealing 
a  number  of  side  reactions  and  molecule  substitutions  to  the  core  molecule  prior  to 
production of the final product (Figure 2.3.b) (Balibar and Walsh, 2006; Sánchez et al., 2006b). 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Figure  2.3.b.  The  Current  Violacein  Biosynthesis  Pathway  (adapted  from  Sánchez  et  al., 
2006b). Abbreviations: vioA,  FAD monooxygenase; vioB,  Indolocarbazole Synthase; vioC,  FAD 
monooxygenase; vioD, FAD monooxygenase; vioE, tryptophan halogenase.  
 
The first detailed studies performed on violacein demonstrated that the pathway produces a 
variety  of molecules  via  the modification  of  the  violacein  core,  resulting  in  phenotypes  that 
differ  from  the  purple‐pigmented  violacein.  Specifically,  mutations  in  vioC  lead  to  the 
production  of  the  green‐pigmented  molecule  prodeoxyviolacein,  and  the  red‐pigmented 
pseudoviolacein.  Similarly,  a  mutation  in  vioD  leads  to  synthesis  of  the  blue‐pigmented 
deoxyviolacein.  Changes  in  the  activity  of  VioB  result  in  the  synthesis  of  a  core  from  four 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tryptophan molecules instead of the usual two, leading to the synthesis of chromoviridian and 
deoxychromoviridian  (Figure  2.3.b)  (Balibar  and  Walsh,  2006;  Sánchez  et  al.,  2006b).  The 
presence of a putative tryptophan halogenase gene vioE, closely linked to the violacein cluster, 
suggests  that  additional  violaceins  could be  generated by  chlorination of  the  core molecule. 
Chlorination is common amongst antitumour antibiotics including rebeccamycin (Sánchez et al., 
2002). The step‐wise enzymatic modification of simple molecules, as seen  in  indolocarbazole 
synthesis,  provides  scientists  with  the  opportunity  to  substitute  genes  in  the  pathway  to 
generate novel molecules, much like the carotenoids before them (2.2.2).  
 
In 2002, Onaka and colleagues characterised the rebeccamycin biosynthesis gene cluster from 
L.  aerocolonigenes  and  placed  the  data  in  the  NCBI  database.  Sequencing  and  functional 
characterisation of the rebeccamycin gene cluster revealed a remarkable piece of information. 
The core synthesizing enyzyme of the rebeccamycin gene cluster, RebD, is a homolog of VioB  
(Onaka  et  al.,  2003).  The  streptomycete  gene  cluster  encoding  the  best  known  of  all 
indolocarbazoles, staurosporine, also possesses a homolog of VioB. Recent data suggests that 
all  known  indolocarbazole  producing  Actinobacteria  possess  a  homolog  of  VioB  and,  like 
violacein, they may be synthesised in E. coli K12 (Salas and Méndez, 2009). Collectively, these 
findings  led  to  the generation of  the currently accepted version of  the violacein biosynthesis 
pathway (Figure 2.3b; Sánchez et al., 2006b). 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2.3 Catabolic Gene Clusters 
 
In addition to producing potentially medically important compounds, bacteria also possess the 
ability  to  degrade  and  recycle  a  range  of  naturally  occurring  and  man‐made  aromatic 
compounds  many  of  which  occur  as  environmental  pollutants.  A  noteworthy,  albeit 
controversial, case  in point  is  illustrated by the patent  lawsuit of Diamond vs. Chakrabarty  in 
1982.  Dr.  Chakrabarty,  a  biochemist,  genetically  engineered  a Pseudomonas  strain  that was 
able  to  degrade  oil  contamination.  In  its  1981  decision,  the  United  States  Supreme  Court 
granted Dr Chakrabarty  the  first patent  for a genetically engineered organism. Based on  this 
decision more than 1 million such patents have now been granted.  
 
Soil bacteria encode a range of catabolic gene clusters that allow them use complex aromatic 
molecules, both naturally occurring and man‐made, as sources of carbon and energy. It is now 
widely  accepted  that  microorganisms,  predominantly  bacteria,  can  degrade  toxic 
environmental  pollutants  and  convert  them  to  non‐toxic  end  products.  This makes  bacteria 
more  efficient  at  pollution  abatement  in  comparison  to  their  physiochemical  counterparts 
(Pandey  and  Jain;  2002).  For  instance,  Pseudomonas  and  Rhodococcus  species  can  degrade 
polychlorinated  dibenzo‐p‐dioxins  (PCDD)  and  polychlorinated  dibenzofurans  (PCDF),  which 
are by‐products of waste incineration and the manufacture of chlorinated phenols (Hutzinger 
et al., 1985; Kitagawa et al., 2004). Interestingly, both of these soil‐borne microorganisms are 
part of an ever‐growing number of soil organisms with impressive secondary traits. Collectively, 
these  organisms,  and  their  genetic  material,  constitute  what  is  now  known  as  the  soil 
metagenome. 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2.4 The Soil Metagenome‐ An Abundant Source of Novel Microorganisms 
 
In view of their potential, a large amount of research has been dedicated to the acquisition of 
soil‐based  bacterial  strains  that  have  important  environmental,  medicinal  or  industrial 
characteristics.  In  conjunction  with  this  research  has  been  the  advancement  of  techniques 
designed to measure both the quantity and diversity of organisms found in soil. Aside from its 
taxonomic  value,  the  ability  to  decipher  the  diversity  within  a  given  soil  sample  allows 
scientists to gauge, and even predict, the presence of potential novel secondary metabolites. 
 
2.5 Microbial Diversity in Soil Environments: A Historical Aspect 
 
The  species  diversity  amongst  soil  microorganisms  greatly  outweighs  the  species  diversity 
found in most other environmental niches. The exact number of microbial species in a gram of 
soil  remains  a  matter  of  debate.  Early  estimates  of  microbial  diversity  using  culture‐based 
methods  suggested  that  up  to  10%  of  soil  microorganisms  could  be  grown  by  standard 
culturing techniques. However more recent culture independent technologies such as staining 
and  microscopy  indicate  that  <1%  of  soil  microorganisms  can  be  cultured  (Jensen,  1968; 
Janssen,  2006;  Torsvik  et  al.,  1990).  Despite  this  discrepancy,  culturing  methodologies 
remained  in  practice  during  the  20th  century  for  lack  of  an  alternative. Much  of  the  current 
understanding  on  soil  bacteria  is  based  on  the  initial  discoveries  made  through  culturing 
techniques and studies of single isolates. However, it became apparent that to gain a realistic 
understanding  of  soil  microbial  diversity  culture  independent  techniques  were  required. 
Techniques  that  were  not  reliant  on  maintaining  cell  survivability  or  growth  of  fastidious 
microorganisms. 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During  the  1980s,  molecular  techniques  began  to  emerge  that  circumvented  the  inherent 
problems  with  culturing  methods  by  shifting  the  focus  from  organism  cultivability  towards 
DNA characterisation. Early genetic studies used the “re‐association kinetics” of DNA to study 
the  diversity  of  the  soil  metagenome.  DNA  re‐association  involves  the  melting  of  double 
stranded DNA molecules into their single strand counterparts and measuring the rate at which 
they re‐anneal as  they are slowly cooled. Using  this  technique,  the size and complexity of of 
the  total  microbial  genomic  complement  of  a  gram  of  soil  (the  soil  metagenome),  can  be 
measured.  It  was  estimated  that  a  single  gram  of  soil  could  contain  up  to  10,000 microbial 
species  (Torsvik et al., 1990; Curtis and Sloan, 2005). Subsequent mathematical modelling by 
Gans  and  co‐workers  suggest  that  this  number  could  be  100  to  1,000  times  greater  than 
previously  thought  indicating  that each gram of  soil  could  contain up  to 1 million  species of 
microoorganisms (Gans et al., 2005). These potentially large numbers of bacterial species in a 
single gram of soil may suggest a great diversity  in the functions that each species performs. 
Collectively, bacteria possess  the greatest diversity of  functions of all  living organisms. Apart 
from those essential functions for cell growth and division, bacteria have a range of additional 
functions  such  as  pathogenicity,  photosynthesis,  degradation  and  recycling  of  complex 
environmental  pollutants  and  the  synthesis  of  secondary  metabolites  such  as  antibiotics. 
Microbiologists have a long standing interest in bacterial pathogens and the antibiotics used to 
combat them.  
 
One  of  the  largest  groups  of  culturable  soil  microorganisms  renowned  for  their  ability  to 
produce  a  wide  range  of  antibiotics  are  the  Gram‐positive,  filamentous  bacteria‐the 
Actinobacteria. This group of microorganisms contains both the great human pathogens,  the 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Mycobacteria  and  the  prolific  antibiotics  producers,  the  Streptomycetes.  Recent  genomic 
sequencing  and  rapid  advances  in  DNA  sequencing  techniques  is  providing  unparalleled 
insights into the biology of these bacteria. 
 
2.6 Actinobacteria 
 
Actinobacteria are a diverse group of Gram‐positive microorganisms that comprise a number 
of  sub‐orders  and  families.  The Actinobacteria phylum  includes  such genera as Actinomyces, 
Frankia,  Mycobacterium,  Rhodococcus,  Gordonia,  Corynebacterium,  Nocardia  and 
Streptomyces,  to  name  but  a  few.  They  exhibit  a  wide  range  of  morphologies  from  simple 
coccoids to advanced hyphal structures. Incorrectly, these distinct fungi‐like filaments lead to 
their common misclassification into the Fungi rather than Prokaryota kingdom. 
 
The  morphological  complexity  of  Actinobacteria  is  also  reflected  through  the  variable 
physiological  and metabolic  properties  possessed  by  this  phylum  (Ventura et  al.,  2007).  The 
majority  of  Actinobacteria  are  soil‐dwelling  microorganisms  and  have  key  roles  in 
environmental, industrial and medicinal applications. Environmentally, Actinobacteria are vital 
in  the  decomposition  of  a  wide  range  of  organic  matter  including  chitin  and  starch.  Some 
Actinobacteria  possess  the  ability  to  degrade  complex,  man‐made  molecules  into  much 
simpler  organic  constituents, making  these  organisms  the  backbone  of many  environmental 
bioremediation projects  (Singh et al.,  2008).  Furthermore,  the numerous complex  substrates 
that  Actinobacteria  can  utilise  and  secrete  make  these  organisms  industrially  attractive. 
Medically,  the  Actinobacteria  contain  both  pathogens  and  prolific  producers  of 
chemotherapeutic compounds, including Mycobacterium tuberculosis, the causative agent for 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tuberculosis, as well as Mycobacterium leprae, the aetiologic agent of the debilitating disease 
leprosy. As highly variable producers of secondary metabolites, it is  not surprising that many 
chemotherapeutic agents are derived from Actinobacteria.   
 
Of  all  Actinobacteria  of medical,  industrial  or  bioremediation  significance,  the  Streptomyces 
genus comprises the largest, with over 550 different species identified to date (Euzéby, 2009).  
Streptomycetes are arguably the most  important group of soil‐borne Actinobacteria  in terms 
of secondary metabolite production, and as such will be reviewed in more detail.  
 
2.7 Streptomyces: A Brief History 
 
Streptomyces,  a  member  of  the  order  of  Actinomycetales,  are  aerobic,  filamentous,  Gram‐
positive  soil  organisms.  These  organisms  have  complex,  spore  based  life  cycles  and  equally 
complex genomes that have only been fully sequenced in the last decade. The streptomycetes 
are  prolific  producers  of  antibiotics  and  the  centre  point  of  many  drug  discovery  research 
programs.  Streptomycete‐derived  medicinal  products  represent  two‐thirds  of  the  natural 
products in current use (Bentley et al., 2002; Lefevre et al., 2008).  
 
The  source  of  this  species  popularity  stems  from  the  1940s,  an  era  in  which  Dr. Waksman 
isolated the fittingly named antibiotic, streptomycin, from these organisms (Schatz et al., 1944). 
At the time, M. tuberculosis was a major world pathogen and streptomycin was the first agent 
active against  it (Schatz and Waksman, 1944). The next three decades saw an increase in the 
isolation  of  soil‐derived  antibiotics,  contributing  to  the  popularity  of  streptomycetes  as 
reservoirs  of  bioactive  compounds  (Figure  2.4).  In  conjunction  with  chemistry,  a  range  of 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isomers,  derivatives  and  synthetic  analogues were  developed  to  give  an  impressive  array  of 
bioactive  compounds.  According  to Watve  and  co‐workers  (2001),  between  1983  and  1994, 
following  the  initial  peak  discovery  era  between  1950’s  and  1980’s,  “520  new  drugs  were 
approved”  (Figure  2.4). Of  this,  “39% were  natural  products  or  natural  derivatives”  (Harvey, 
2000; Watve et al., 2001). 
 
 
 
Figure 2.4. A Logistic Based Model for Antibiotic Discoveries Per Year. The dots denote actual 
data, whilst the line represents the best‐fit logistic curve (Adapted from Watve et al., 2001).  
 
Although  streptomycetes  have  dominated  natural  product  discovery  of  compounds  for 
medicinal  use,  they  are  also  a  rich  source  of  genes  for  industrial,  agricultural  and 
environmental purposes. Soil is a highly variable environment containing innumerable complex 
molecules.  The  ability  to  survive  and  thrive  in  such  a  fluctuating environment  requires  large 
numbers of catabolic genes and gene clusters. This genetic diversity allows streptomycetes to 
use  a wide  range  of molecules  as  sources  of  carbon  and  energy.  It  also  allows  scientists  to 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exploit  these  systems  for  the  degradation  of  man‐made  pollutants  and  use  their  broad 
specificity  extracellular  enzymes  for  industrial  processes  (Adl,  2003;  Hopwood,  2006;  Flärdh 
and Buttner, 2009). 
 
Such  complex  physiological  and  metabolic  processes  are  a  result  of  an  equally  complex 
genome. The sequencing of which has only been achieved in the last decade for a number of 
key species (Hopwood, 2006). 
 
2.8 Genomic Sequencing of streptomycetes 
 
Genome sequencing of Streptomyces sp. has revealed that the genomes are among the largest 
of all bacterial genomes sequenced to date. Streptomycete genomes are typified by a  linear, 
rather than circular, main chromosomes that can reach sizes of up to 10Mb; twice the size of 
the  E.  coli  K12  genome  (Blattner  et  al.,  1997).  This  linear  genomic  DNA  has  an  origin  of 
replication  (oriC)  in  which  replication  proceeds  bi‐directionally.  The  presence  of  terminal 
inverted  repeats,  along  with  a  number  of  associated  proteins,  signals  the  end  of  genomic 
replication  (Chen,  1996;  Hopwood,  2006).  These  telomere‐based  palindromic  sequences, 
whilst  not  conserved  in  sequence,  are preserved across  a number of  species  and have been 
noted  in  both  S.  lividans  and  Streptomyces  coelicolor  (Bao  and  Cohen,  2001;  Bentley  et  al., 
2002). Further research also shows that completion of replication results in 3’ overhangs. Thus, 
it has been theorised that the inverted repeats fold back internally in order to prime the ssDNA 
telomere for replication (Chen, 1996). 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In  general  terms,  the  linear  chromosomes  can be divided  into  two  segments;  a  central  core 
region  and  adjacent  arm  regions.  This  core  region  comprises  genes  and  genomic  elements 
essential  for  growth  and  development.  Interestingly,  recent  NCBI  data  entry  suggests  that 
streptomycetes  share  this  core with mycobacteria  as well  as other  soil  bacteria of  the  same 
taxonomic order. This core section is approximately four and five mega base pairs (Mb) in size, 
whilst  the adjacent arms of the chromosomes vary  in  length (Cole et al., 1998; Omura et al., 
2001; Bentley et al., 2002).   
 
The adjacent arm regions are of particular interest as they have been found to be rich in genes 
and gene clusters encoding auxillary functions such as antibiotic synthesis (Bentley et al., 2002). 
High‐throughput  genome  sequencing  technologies  have  allowed  for  the  complete  genomic 
sequencing of an  increasing number of species  including, Streptomyces avermitilis  (Omura et 
al.,  2001;  Ikeda  et  al.,  2003),  Streptomyces  griseus  (Ohnishi  et  al.,  2008)  and  S.  coelicolor 
(Bentley et  al.,  2002).  A  perusal  of  the  genome  sequences  of  S.  avermitilis  and  S.  coelicolor 
reveals that they possess a total of 23 and 25 secondary metabolite gene clusters, with a high 
proportion  in  the  chromosomal  arms  (Omura et  al.,  2001;  Bentley et  al.,  2002;  Ikeda et  al., 
2003). The recently sequenced S. griseus genome harbours 34 putative secondary metabolite 
gene clusters, (Ohnishi et al., 2008) (Table 2.1). These gene clusters encode a range of different 
compounds  ranging  from  biologically  significant  pigments  such  as  carotenoids,  to  important 
antibiotics, which include actinorhodin and streptomycin.  
 
The gene clusters encoding  the synthesis of secondary metabolites vary  in size  from 10kb to 
150kb  in  size  and  are  known  to  contain  up  to  100  genes.    The  heterologous  cloning  and 
expression  of  the  128kb  daptomycin  gene  cluster  from  Streptomyces  roseosporus,  is 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representative  of many  streptomycete  gene  clusters  (Miao et  al.,  2005).  The  sheer  size  and 
complexity of actinomycete genomes provides many opportunities  to screen  for novel genes 
and  gene  clusters  with  applications  to medicine,  industry  and  agriculture.  To  express  these 
genes in heterologous hosts such as E. coli K12 provides an exceptional challenge. 
 
Table 2.1. Common Features of Sequenced Streptomycete Genomes 
Species  Genome Size  G+C Content (%)  Secondary Metabolites 
S. avermitillis  9,025,608  70.7  25 
S. coelicolor  8,667,507  72.1  22 
S. griseus  8,545,929  72.2  34 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2.9 Functional Analysis of Streptomycete Genes 
 
A molecular analysis of streptomycetes can often be considered a specialist art. Many species 
are  difficult  to  isolate  and  culture  in  the  laboratory.  In  addition,  genetic  analysis  is  complex 
even in such well‐studied species as S. coelicolor and S. lividans. The inability to culture many 
of  these  strains  makes  genomic  sequencing  extremely  difficult  or  near  impossible.  Where 
strains can be cultured and their genomes sequenced,  the usual method of study  is  to clone 
their genes  in E. coli K12 using “shuttle” vectors. Shuttle vectors can  replicate  in both E. coli 
K12  and  S.  lividans/Streptomyces  albus.  The  cloned  genes  can  then  be  transferred  (or 
“shuttled”)  from E. coli K12 by conjugation  into streptomycete heterologous hosts such as S. 
lividans or S. albus for expression and functional characterisation. Of course this analysis would 
be far easier if streptomycete genes and gene clusters could be stably cloned and expressed in 
E. coli K12, a heterologous host familiar to most biologists. 
 
2.10 Heterologous Expression and Its Pitfalls 
 
Since the initial production in 1977 of the human hormone somatostatin in E. coli K12, the use 
of  heterologous  expression  has  been  defined  as  one  of  the  building  blocks  of  modern 
biotechnology  (Itakura  et  al.,  1977).  It  is  one  of  the most  valuable  scientific methodologies 
available since it provides a means by which scientists can readily produce large quantities of 
genes  and/or proteins,  in  pure  form and at  low  cost. Nevertheless,  heterologous  expression 
techniques  do  not  work  for  many  genes  and/or  proteins.  Many  proteins  are  unable  to  be 
produced  outside  their  original  host.  There  are  a  wide  variety  of  reasons  for  the  failure  of 
heterologous expression (Table 2.2). 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Table 2.2. Examples of Obstacles to Heterologous Expression. 
Event  Description  Level 
Appropriate host strain 
 
 
Codon bias/usage 
 
 
Growth conditions 
 
 
 
Prerequisite genes 
 
 
 
Vector selection marker 
 
 
 
Vector promoter 
 
 
 
Vector instability 
Selection of the wrong host can affect 
expression 
 
Some organisms have rare or a preference of 
codons which can affect expression 
 
Host growth conditions may not meet the 
conditions required for expression of desired 
protein 
 
Some biosynthetic pathways require 
chromosomally encoded precursors that the 
heterologous host lacks 
 
A number of selection markers, such as 
antibiotics, are not conducive to 
heterologous expression 
 
Strong promoters can often lead to an 
overproduction of protein which may be 
lethal to the host 
 
Unstable vectors can affect expression 
Host 
 
 
Host/Molecular 
 
 
Host 
 
 
 
Host/Molecular 
 
 
 
Molecular 
 
 
 
Molecular 
 
 
 
Molecular 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For  decades,  E.  coli  K12  has  been  the  host  of  choice  for  heterologous  expression.  This  is 
understandable,  as  its  physiology  and  genetics  are  understood  at  a  level  that  far  surpasses 
most organisms. In fact, the E. coli K12 genome, which spans some 4750kb, was one of the first 
bacterial strains to be completely sequenced (Blattner et al., 1997; Sørensen and Mortensen, 
2005). In addition, some variants of E. coli K12 have a simple genetic make‐up that harbours no 
interfering genetic elements making modification simple. Perfect, one would have thought, for 
the  screening  of  bioactive molecules.  However,  its  simplicity  and  ease  of  use  can  also  be  a 
hindrance. The expression of the 2, 4‐dichlorophenoxyacetic acid (2,4‐D) degradation pathway 
is a prime example.  
 
R. eutropha  JMP134 pJP4 encodes the entire pathway for the degradation of the well‐known 
herbicide  2,  4‐D.  The upper  pathway  genes  occur  as  a  cluster  on  the  IncP  broad host  range 
plasmid  pJP4  native  to R.  eutropha  JMP134.  The  remainder  or  lower  part  of  the  pathway  is 
encoded on  the R. eutropha  JMP134 main chromosome. For complete degradation of 2, 4‐D 
both the upper and lower pathways are required. When pJP4 is transferred to E. coli K12, the 
resultant strain E. coli K12 pJP4 cannot degrade 2, 4‐D because E. coli K12 does not encode the 
lower  pathway  (Don  and  Pemberton,  1981;  Don  and  Pemberton,  1985).  This  example 
emphasises  the  need  to  understand  exactly  what  genes  are  required  for  a  particular 
phenotype and to make sure they are all present in the heterologous host. In many instances, 
the single reason why a phenotype is not expressed in a heterologous host such as E. coli K12 
is that all the genes are not present. If this requirement has been met, then other issues, such 
as  a  lack  of  mechanisms  for  post‐translational  modification,  may  still  prevent  heterologous 
expression (Connell, 2001; Abu‐Qarn et al., 2008). 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In addition to this, different organisms often have a preference for a particular set of codons, 
also  known  as  codon  bias.  This  issue  is  further  exacerbated  through  the  observed  use  of 
unique  or  “rare”  codons  by  some  bacteria,  particularly  Streptomyces.  The  codon  bias/usage 
issues often determine whether genes are expressed. Evading this problem has been no easy 
task  with  very  few  solutions  presented.  Often,  substituting  the  E.  coli  K12  native  pool  of 
codons with the required rare codons is the only solution, although this can be a tedious task 
and faithful transcription and translation of heterologous genes is not guaranteed (Moir et al., 
1999; Gustafsson et al., 2004;  Jana and Deb, 2005). Obstacles concerning codons aside, high 
G+C  organisms,  particularly  the  streptomycetes,  have  promoter  sequences  that  may  differ 
greatly in sequence and G+C content to that of heterologous host organisms.   
 
Streptomycetes, like most soil organisms, have a high G+C content (60‐80%). This is a defining 
factor  in  the  ability  for  E.  coli  K12  to  utilise  streptomycete  promoters.  To  date,  it  has  been 
found that many consensus sequences within these promoters resemble those of E. coli K12. 
However,  the  higher  the G+C  content,  the more  frequent  the  occurrence  of  unrecognisable 
promoter  consensus  sequences  become  (Connell,  2001).  In  one  study  of  139  different 
streptomycete promoters, only 21% were recognised by E. coli K12 (Bourn and Babb, 1995).    
 
In  the event  that E.  coli K12  is  unable  to  express  a  certain phenotype,  it  is  conceivable  that 
other  heterologous  hosts may  be  available  that  could  provide  an  alternative  to  E.  coli  K12, 
supporting  the  features  that E.  coli K12 may  lack. These heterologous hosts  should have  the 
pre‐requisite  machinery  to  enable  expression  of  foreign  DNA  that  otherwise  would  fail  to 
express in E. coli K12. Such hosts would have the following characteristics: 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• Grow rapidly in commonly available media that is cost effective; 
• Allow high frequency conjugal transfer of plasmids to and from E. coli K12;  
• Capable  of  transformation  using  naturally,  chemically  or  electrically  induced 
competence; 
• Allow stable maintenance of cloning vectors even while encoding the synthesis of toxic 
metabolites; 
• Strongly  express  a  wide  range  of  single  and  multi‐gene  phenotypes  encoding  the 
synthesis of toxic and non‐toxic metabolites. 
 
Regardless,  the  heterologous  host  of  choice  for most  biologists  is  E.  coli  K12  and  there  are 
strategies  for enhancing heterologous expression  in  this most genetically amenable bacterial 
host. Two strategies, which have proven remarkably successful, are the construction of novel 
strains of E. coli K12 coupled with the development of novel highly stable cloning vectors.  
 
2.11 Vector Design in Relation to Heterologous Expression 
 
Broad host range plasmids were discovered nearly 40 years ago by Sykes and Richmond (Sykes 
and  Richmond,  1970).  Subsequent  research  has  demonstrated  that  these  plasmids  play  a 
major role  in  the evolution and spread of a wide range of bacterial gene clusters  involved  in 
biologically  significant  traits  which  include  multiple  antibiotic  resistance,  pathogenicity, 
antibiotic synthesis and the degradation and recycling of man‐made environmental pollutants 
(Gillings et al., 2008; Revilla et al., 2008). 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In  terms of design,  there are a number of  traits  that a vector  should possess  for  the cloning 
and  expression  of  heterologous  DNA  (DNA  that  is  sourced  from  a  species  other  than  the 
expression host). These criteria can be summarised as follows: 
 
First,  it  is  vital  that  the  vector  be  both  segregationally  and  structurally  stable  despite  the 
nature  and  presence  of  the  insert.  This  is  particularly  important  for  the  expression  of  toxic 
molecules, for which two problems arise. To begin with, these molecules are inherently toxic 
and sometimes lethal; a trait that is undesirable to the expression host. As a result, it is highly 
probable  that  the  insert will  be  lost  in  a  clone  library.  Additionally,  if  the  vector  is  unstable 
there will be a small percentage of the bacterial population that will  lose the vector (termed 
segregants).  In  an  industrial  scale model,  achieving  a  large  production  yield may  become  a 
problem, as the vector‐less segregants will eventually overgrow the population. This will result 
in a considerable loss in production of the expressed insert (Ensley, 1985). 
 
Second,  the vector must have  the ability  to be extracted  in amounts  sufficient  for processes 
such  as  phenotypic  analysis,  sequencing  and  sub‐cloning.  This  ability  is  often defined by  the 
copy number of the vector. It should be noted that a high copy number is not necessarily the 
solution to accruing large amounts of DNA. Often, especially  if the insert  is toxic, a high copy 
number  and  thus  high  levels  of  toxic  protein  can  be  lethal  to  the  host  and  may  result  in 
segregation of the vector (Tolia and Joshua‐Tor, 2006).  
 
Third,  the  vector  must  be  broad  host  range  and  at  the  very  least  have  the  ability  to  be 
mobilised from strains other than E. coli K12. This is important for the phenotypic analysis and 
screening of DNA that is unable to be expressed in E. coli K12. 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Fourth, it is important that the vector have the ability to accept large inserts. As nearly 60% of 
antibiotic gene clusters are greater than 40kb, it is vital that this criterion be met. 
 
Fifth,  it  is also advantageous  in  that a high  insertion  frequency would  reduce  the number of 
redundant clones, thereby reducing the amount of time needed to screen for phenotypes. 
 
2.12 Vectors and their classification 
 
Many vectors exist that possess some of the above attributes. A search of the UniVec database 
by  NCBI  shows  that  there  are  currently  over  1500  different  vectors  in  existence.  However, 
these  cover  mostly  commercial  based  vectors;  a  search  of  the  NCBI  database  for  cloning 
vectors yields over 75,000 different vectors. This number is large, however, it should be noted 
that  there are a number of key vectors  from which all of  these vectors are derived. To date, 
there have been numerous methods for the classification of plasmid cloning vectors. The first 
of  these was designed over 30 years ago and classified plasmids  solely on  their  ability  to be 
transferred  (F  plasmids),  possession  of  an  addiction  system  (ColE1‐based)  or  the  type  of 
antibiotic resistance markers they contain  (R Plasmids)  (Kline and Palchaudhuri, 1980; Seelke 
et al., 1982; Zverev et al., 1984). Later, they would be classified in terms of replication type, for 
example, rolling circle replication, theta replication or the strand displacement mechanism. In 
the 1970s plasmids were classified by  incompatibility group. Plasmids belonging  to  the same 
incompatibility  group  could  not  be  stably  maintained  in  the  same  cell  (Wang  et  al.,  2009). 
Finally, sequence information, in conjunction with all the other methods was consolidated into 
a  single database method. This  allows  scientists  to  search  for plasmids utilising a number of 
search  criteria.  However,  for  simplicity,  plasmids  will  be  categorised  in  terms  of  insert  size 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range.  This  is  an  important  distinction,  as  the  foremost  theme  of  this  body  of  work  is  the 
heterologous  expression  of  single  and  multi‐gene  phenotypes,  of  which  a  number  of  size 
ranges exist. These vector classes are categorised below in table 2.3. 
 
Table 2.3. Different E. coli K12 Vector Classes and Their Corresponding insert Size Ranges. 
Vector  Structure  Insert size 
ColE1 Based 
Cosmid 
BAC 
PAC 
Circular  
Circular  
Circular  
Circular  
Dependant on vector, can be variable 
35‐45kb 
300kb 
150‐300kb* 
*The maximum size reached is 700kb but this does not occur consistently (Stone et al., 1996). 
 
2.13 ColE1 Based Vectors 
 
A  number  of  commercially  successful  vectors  such  as  pBR322  and  pUC18  are  based  on  the 
pColE1  backbone.  This  small  plasmid  is  native  to  E.  coli  K12  and  synthesises  a  bacteriocin 
(colicin); it also encodes an addiction mechanism that ensures the plasmid is maintained in the 
host. This  system was exploited  in by Cohen and Boyer nearly  forty years ago as part of  the 
cloning technique still in use today (Cohen et al., 1973). This methodology utilised a derivative 
of the pColE1 contruct named pBR322 (4.3kb), a vector that served the science world well for 
nearly twenty years.  Its simple construction, which consists of the pColE1 backbone with the 
addition of ampicillin and  tetracycline,  is  significant  for  two  reasons.  First,  as a  small,  simple 
and efficient  cloning  vector,  pBR322 was  crucial  in  some of  the  first molecular microbiology 
experiments. Second, pBR322 represents one of the first cloning vectors to have its replication 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mechanisms,  nucleotide  sequence  and  maintenance  functions  elucidated.  This  provided 
scientists with genes and replication mechanisms to generate a myriad of intraspecies vectors 
(Cohen et al., 1973; Balbás and Bolívar, 2004). However, scant single restriction sites and a low 
copy number meant that, whilst a successful cloning vector, pBR322 offered little in the way of 
versatility. 
 
This  situation  was  rectified  later  by  Yanisch‐Perron  and  co‐workers  (1985)  by  modifying 
pBR322 to create the general purpose, pUC group of vectors. Generation of  the pUC vectors 
began  with  the  removal  of  unnecessary  DNA  from  the  pBR322  backbone;  leaving  only  the 
genes essential  for replication and ampicillin resistance (the tetracycline resistance gene was 
removed). Fortuitously, throughout construction, a point mutation in the replication primer of 
RNA  II was  introduced. As a  result,  the  copy number of pBR322 derivatives was  several  fold 
more than the parent vector  (Yanisch‐Perron, 1985; Lin‐Chao et al., 1992).  In addition to the 
ampicillin  selection  marker,  a  small  segment  (the  alpha  fragment)  of  the  E.coli  K12  β‐
galactosidase gene was added to the pUC plasmid. The remainder of the β‐galaxtosidase gene 
was placed on an F plasmid. When both plasmids are present in E. coli K12 it produced active 
β‐galactosidase by complementation (Lac+). A multiple cloning site (MCS) containing a number 
of  unique  restriction  endonuclease  recognition  sequences;  was  added  to  the  alpha 
complementation gene in such a way as to preserve its activity. When DNA was cloned into the 
MCS,  the  alpha  fragment  was  inactivated,  complementation  did  not  occur  and  active  beta‐
galactosidase was  not  synthesised  (Lac‐). On MacConkey  agar media  or media  containing  5‐
bromo‐4‐chloro‐3‐indolyl‐β‐D‐galactosidase  (X‐gal)  such Lac‐ colonies are white. Where there 
is  no  insert  and  functional  β‐galactosidase  is  produced,  the  Lac+  colonies  are  either  red  or 
blue‐green, respectively (Alting‐Mees and Short, 1989). 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Visual identification of colonies containing vectors harbouring inserted DNA is one of the major 
reasons for the popularity of the pUC cloning vectors. In addition, their high copy number and 
small  size  make  them  attractive  candidates  for  up‐scaling  expression  of  proteins  and  large 
scale sequencing projects. However, pUC based vectors have a number of flaws. pUC vectors 
are  based  on  a  highly  reduced  pBR322  core  and  many  of  the  stability  and  maintenance 
functions  are  no  longer  present.  Most  constructs  containing  inserts  are  unstable.  This 
instability is magnified greatly if the desired insert encodes a toxic molecule. In most instances, 
E. coli K12 strains carrying such plasmids are highly unstable. Where pUC plasmids have been 
used  in  sequencing  this  instability  may  lead  to  loss  of  insert  DNA  and  unreliable  results. 
However, these problems do highlight the need to produce highly stable cloning vectors. 
 
2.14 Cosmid Vectors 
 
Lambda (λ) phage is a bacterial virus (bacteriophage) that  infects E. coli K12. The start of the 
lambda  life cycle occurs when the viral particle attaches to the surface of  the E. coli K12 cell 
and  injects  its  DNA.  Within  the  cell  the  viral  DNA  is  transcribed  and  translated,  producing 
copies of viral DNA and synthesis of the viral capsid. The viral genomes occur as tandem copies 
in a long linear molecule; each copy is flanked by cos (cohesive ends) sequences. The distance 
between these cos sequences is 50kb, which is the size of the lambda genome. The final steps 
in viral particle assembly involve cutting out each genome at the cos sites and packaging each 
genome in a viral capsid. Ultimately, infection leads to lysis of the E. coli K12 host and release 
of the viral particles. Cosmids are plasmids which contain these cos sequences. One of the first 
cosmids  was  pHC79,  constructed  through  the  addition  of  cos  sequences  to  the  pBR322 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backbone  (Hohn  and  Collins,  1980).  Through  a  single BamHI  site,  heterologous  DNA  can  be 
cloned into pHC79, assembled in conjunction with a packing mix of bacteriophage λ capsid and 
tail  pieces  and  then  introduced  into  E.  coli  K12  through  the  process  of  transduction.  The 
resulting  colonies  contain  a  copy  of  pHC79,  in  addition  to  an  insert  size  of  35‐45kb,  which 
consequently  is  the maximum  allowable  insert  size  for  the  capsid.  The  cloning  procedure  is 
highly  efficient  and  80‐90%  of  the  cosmid  clones  contain  heterologous  DNA.  However,  like 
pUC‐based  vectors,  cosmids  such  as  pHC79  are  unstable.  In  addition,  cosmids  do  not  allow 
cloning  of  gene  clusters  that  are  larger  than  40kb.  Many  interesting  phenotypes,  such  as 
antibiotic synthesis, are encoded in gene clusters greater than 50kb. 
 
2.15 Bacterial Artificial Chromosomes (BAC) 
 
During the 1960’s a genetic element from E. coli K12 known as the F prime (F') element was 
isolated  (Low,  1965).  F'  elements  arise  when  the  F  plasmid  integrates  into  the  main 
chromosome and excises taking with it up to 1Mb of chromosomal DNA. However, in order to 
maintain the F' as a distinct  individual genetic element, homologous recombination between 
the  plasmid  and  the  host  chromosome  needs  to  be  prevented.  In  recombinase  A  negative 
(recA1)  strains  of  E.  coli,  K12  these  plasmids  are  stably  maintained  and  have  a  low  copy 
number (usually 1‐2 copies per cell) (deHaan and Stouthamer, 1963).  
 
Based on these observations, the 99kb F plasmid was reduced to a minimal replicon of 5kb by 
removal of  all  non‐essential  genes  such as  those  involved  in  conjugation.  The addition of  an 
antibiotic  resistance marker  and  a MCS  yielded  a  8‐9kb  cloning  vector which  allowed  stable 
cloning  of  very  large  (>300kb) DNA  inserts.  Because  of  the  size  of  cloning  vector  plus  insert 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(>300kb) the constructs were referred to as Bacterial Artificial Chromosomes (BACs). Vectors 
based on the F plasmid were named F‐BAC cloning vectors (Shizuya et al., 1992).  
 
Shizuya and co‐workers published one of the first BACs in 1992. The vector, titled pBAC108L, 
was simple in design but retained key elements that previous vectors did not possess including 
the genes oriS, repE, parA and parB (Shizuya et al., 1992). Preservation of these genes afforded 
strict control over copy number and replication, which in turn provided stable cloning of large 
DNA inserts. Unfortunately, at the time of creation, the utility of BAC vectors was diminished 
through the lack of a positive selection mechanism. Though future modifications remedied this 
situation,  it  was  the  development  of  P1‐phage  derived  artificial  chromosome  (PAC)  vectors 
that provided the initial solution (Shizuya et al., 1992; Monaco and Larin, 1994). 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2.16 P1‐phage Derived Artificial Chromosomes (PAC) 
 
PACs are vectors that utilise the features of both BACs and the P1 bacteriophage system. The 
P1 bacteriophage  is a unique  temperate phage  that,  like many other bacteriophage, possess 
the ability to  infect the host by two different means.  In the  lytic phase,  the phage can  infect 
host cells and then induce cell death, thereby completing the life cycle. Conversely, during the 
lysogenic  phase,  new  phage  particles  are  not  created  or  assembled  and  instead  the  phage 
genetic material exists as a plasmid (Sternberg et al., 1981; Ioannou et al., 1994). By exploiting 
these  features,  Ioannou and co‐workers  (1994) developed a vector, which had the F plasmid 
backbone fused to the P1 lytic replicon with two essential additions. First, a removable pUC19‐
link stuffer region was incorporated into the vector to greatly increase the copy number when 
needed. Second, a positive selection, conditionally lethal gene, sacB was added to the vector. 
This gene encodes levansucrase (SacB), which converts sucrose into the toxic compound levan. 
The multiple cloning site was arranged such that cloning  into the vector  inactivates sacB and 
allows E. coli K12 cells containing inserted DNA to survive in the presence of sucrose (Ioannou 
et al., 1994). 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2.17 Construction of the Highly Stable, Broad Host Range Cosmid/BAC Cloning Vector 
pPSX and its Relationship to Plasmid pPSY which can be Used to Stably Clone Genes 
Amplified by PCR 
 
The two cloning vectors, pPSX and pPSY, used in the research presented in this thesis contain 
the  same  12kb  back  bone  sequence  derived  from  the  34kb  IncW  broad  host  range  plasmid 
pR388, which  is absolutely  stable  in E.  coli  K12  (Sarovich and Pemberton, 2007; Philip et al., 
2009).  pR388  DNA was  subjected  to  partial  digestion  with  Sau3AI.  A  digest  with  fragments 
between 8kb  and 16kb was  ligated,  transformed  into E.  coli Q358 and  selected on PYE  agar 
containing  trimethoprim.  This  process  was  repeated  4  times  to  remove  the  non‐essential 
regions of pR388 and yield a 12kb minimal replicon (pR388.4) that retained the genes encoding 
maintenance and high  stability.  pR388.4cosΔBamHI was  constructed by  the  removal of both 
remaining  BamHI  sites  of  pR388.4  and  the  addition  of  the  cos  sequence  from  pHC79.  The 
multiple cloning site of pUC18 was amplified by PCR. A‐tailed and cloned into pGEM‐T‐Easy. It 
was  excised  from  this  vector  and  cloned  into  the  single EcoR1  site of  pR388.4cosΔBamHI  to 
create  pPSX.  This  vector  is  14kb  in  size,  has  a  single BamHI  site  in  the MCS  for  cloning  and 
blue/white  screening  and  a  cos  site  for  construction  of  cosmid  clone  banks.  This  vector  can 
also be used to construct BAC libraries. This  is  important for cloning and stable expression of 
interesting, multi‐gene phenotypes that are encoded in gene clusters larger than 40kb. 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Figure  2.5.  A  Comparison  of  pPSX  and  pPSY.  A.  pPSX  excluding  restriction  endonuclease 
recognition  sites; B.  pPSY,  notice  the  lack  of  cos  and MCS  sites,  replaced  by orfA.  An EcoR1 
recognition site resides within orfA, which acts as the unique site for cloning purposes. 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pPSY was constructed by removing both remaining BamHI sites of pR388.4. It retains its single 
EcoRI  site. Genes or  small  (<10kb) gene clusters  can be amplified by PCR,  cloned  into pGEM 
then subcloned into the single EcoRI site of pPSY.   
 
Both  pPSX  and  pPSY  are  highly  stable  in  E.coli  K12.  They  are  broad  host  range, mobilisable 
plasmids. Any genes or gene clusters cloned into these vectors can be transferred from E.coli 
K12 to most Gram‐negative bacteria, retained by antibiotic selection and tested for expression 
in these alternative heterologous hosts. 
 
2.18 Concluding Remarks 
 
With  an  increasing  catalogue  of  DNA  sequences  from  culturable  single  bacteria  and 
metagenomic  studies,  there  is  a  need  to  supplement  bioinformatic  analysis  with  actual 
expression studies of  individual genes and gene clusters. The  information obtained  from this 
basic research can have almost immediate application in fields as diverse as the production of 
novel chemotherapeutic agents, the degradation and recycling of environmental pollutants to 
the most important biological process on earth‐photosynthesis. Developing new technologies 
for the cloning and heterologous expression of individual bacterial genes and gene clusters in 
heterologous hosts, such as E. coli K12 is an ongoing process. Research presented in this thesis 
adds to this process and examines new broad host range vectors designed specifically for the 
stable cloning and expression of single and multiple gene phenotypes from high G+C bacteria 
such as streptomycetes in a range of heterologous hosts, most notably E. coli K12. 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3.1 Materials 
 
3.1.1 Equipment 
 
The equipment used in this study and the respective manufacturers are listed below. 
Table 3.1. Equipment Used in This Study 
Media Preparation and Bacterial Culture     
Equipment  Manufacturer  Location 
Sartorius model 1213 MP digital 
balance 
Sartorius AG  Goettingen, Germany 
Sartorius model BP1105 digital balance  Sartorius AG  Goettingen, Germany 
T.P.S. Digital pH meter  T.P.S. Pty. Ltd.  Brisbane, Australia 
HI 9321 pH meter  Hanna instruments Pty. 
Ltd. 
Keysborough, Victoria, 
Australia 
Jaymac autoclave  Fred Clark Pty. Ltd.  Brisbane, Australia 
Clemco model BH143 laminar flow 
workstation 
Gelman Clemco Pty. Ltd.  Sydney, Australia 
Townson hotplate stirrer  Townson and Mercer 
Pty. Ltd. 
Sydney, Australia 
Laboro variable temperature incubator  Selby Scientific 
Instruments 
Melbourne, Australia 
Lab‐Line Orbit Environmental Shaker  Lab‐Line Instruments 
Inc. 
Melrose Park, Illinois, 
USA 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Centrifugation     
Clements GS150 bench centrifuge  Selby Medical and 
Scientific 
Brisbane, Australia 
Micromax microfuge  International 
Equipment Company 
Needham Heights, 
Massachusetts, USA 
Eppendorf bench centrifuge 5414 and 
5414S 
Eppendorf‐Geratebau  Netherler and Hinz GmBh, 
Hamburg 65, Germany 
 
Electrophoresis and Photography     
Gel electrophoresis device GNA‐100  Pharmacia Biotech  Uppsala, Sweden 
BioRad PowerPac 300  BioRad Laboratories  Richmond, Carifornia, USA 
BioRad model 1000/500 Power Supply  BioRad Laboratories  Richmond, Carifornia, USA 
Short wavelength UV transilluminator 
C61 
Ultraviolet Products 
Inc. 
San Gabriel, California, USA 
PowerShot A640 Digital Camera  Canon Inc.  China 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Miscellaneous Equipment     
Nichipet digital micropipette models 
P10, P20, P200 and P1000 
Nichiryo Co. Ltd.  Tokyo, Japan 
National microwave oven NE‐7870  Matsushita Electric Industrial 
Ltd. 
Japan 
Kenlab constant temperature 
waterbath 
Townston and Mercer Pty 
Ltd. 
Sydney, Australia 
Grant W14 adjustable temperature 
waterbath 
Grant Instruments Ltd.  Royston, England 
Hamilton fume extraction system  Plastic Products and Signs  Brisbane, Australia 
Labline supermixer vortex mixer  LabLine Instrument Inc.  Merlose Park, 
Illinois, U.S.A. 
MJ Research PTC 200 DNA Engine  MJ Research Inc.  Watertown, 
Massachussetts, 
U.S.A. 
Bio‐Rad Gene Pulser, Bio‐Rad Pulse 
Controller, Bio‐Rad 0.1 and 0.2 cm 
Electroporation Cuvettes 
Bio‐Rad Pty. Ltd.  Richmond, 
California, U.S.A 
Minisart NML 0.2 µm filters with 
disposable filter holder: Satorius 
Membrane filter 
Sartorius AG  Gottingen, Germany 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3.1.2 Biological and Chemical Reagents 
 
Biological and chemical reagents used throughout this study are listed in Table 3.2, along with 
supplier  details.  Relevant  chemical  formulae  abbreviations  are  also  given.  Where  possible, 
chemicals were of analytical grade. 
 
Table 3.2. Chemicals and Reagents Used in This Study 
Chemical Reagent  Supplier1 
Inorganic Chemicals   
Ammonium chloride (NH4Cl)  Ajax 
Calcium chloride (CaCl2.2H2O)  B.D.H. 
Dipotassium hydrogen phosphate (K2HPO4)  Ajax 
Disodium hydrogen phosphate (Na2HPO4)  Ajax 
Hydrochloric acid (HCl)  APS 
Magnesium chloride (MgCl2. 6H2O)   Sigma 
Magnesium sulphate (MgSO4. 7H2O)  Sigma 
Sodium chloride (NaCl)  APS 
Sodium hydroxide (NaOH)  B.D.H. 
Zinc sulphate (ZnSO4)  Sigma 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Organic chemicals   
Acetic acid, glacial  F.S.E. 
Acetone  F.S.E 
Amino acids  Sigma 
5‐bromo‐4‐chloro‐3‐indolyl‐β‐D‐galactosidase (X‐Gal)  Promega 
Bromocresol purple 
Bromophenol blue 
Bromothymol blue 
B.D.H 
B.D.H 
B.D.H 
Chloroform 
Congo Red 
B.D.H 
B.D.H 
Dimethyl sulphoxide (DMSO)((CH3)2SO3)  Sigma 
Disodium ethylenediaminetetraacetic acid (EDTA)  Sigma 
Ethanol  F.S.E 
Ethidium bromide  Sigma 
Ficoll 400  Sigma 
Glucose  Sigma 
Glycerol  B.D.H 
Isopropanol  B.D.H 
Isopropyl‐β‐D‐thiogalactopyranoside (IPTG) 
Pentachlorophenol 
Phenol Red 
Sigma 
Sigma 
B.D.H 
Polyethylene glycol‐4000 (PEG‐4000)  Sigma 
Polyethylene glycol‐6000 (PEG‐6000)  Sigma 
Potassium acetate (KAcetate)  Sigma 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Sodium acetate (NaAcetate)  Sigma 
Sodium dodecyl sulphate (SDS)  Sigma 
Sucrose  B.D.H. 
Toluidine blue O  Sigma 
Tris(hydroxymethyl)aminomethane (Tris)  Sigma 
Tris(hydroxymethyl)aminomethane (Tris‐acetate)  Sigma 
   
Complex Media Components   
Agar  BBL 
Casein hydrolysate  Sigma 
Peptone  Oxoid  
Yeast extract  Oxoid 
Tributyrin  Sigma 
Rice flour  McKenzie’s 
Potato Starch 
Maltose 
Sigma 
BBL 
   
Antibiotics   
Ampicillin (Ap)  Sigma 
Chloramphenicol (Cm)  Sigma 
Kanamycin (Km)  Sigma 
Rifampicin (Rif)  Sigma 
Streptomycin (Sm)  Sigma 
Tetracycline (Tc)  Sigma 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Trimethoprim (Tp)  Sigma 
Penicillin G (PenG)  Sigma 
Gentamycin (Gm)  Sigma 
Nalidixic acid (Nal)  Sigma 
   
Molecular Biology Reagents   
Agarose  Progen 
Bovine albumin  Promega 
DNA polymerase (Klenow fragment)  Promega 
Lambda (λ) DNA ladder  Sigma 
100bp DNA ladder  Sigma 
Mung bean exonuclease  Sigma 
Nucleotides – dATP, dCTP, dGTP, dTTP  Promega 
Phusion high‐fidelity DNA polymerase (Phu)  Finnzymes 
Restriction endonucleases  Promega 
Restriction endonucleases  N. E. Biolabs 
Restriction endonucleases  Roche 
S1 nuclease  Promega 
Taq DNA polymerase (Taq)  Promega 
T4‐DNA ligase  Promega 
T4‐DNA polymerase   Promega 
Standard M13 sequencing primers   Promega 
PCR primers  Sigma 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Molecular Biology Kits   
Failsafe PCR system  Astral Scientific 
Packagene Lambda DNA packaging system  Promega 
PCR Cleanup System/Gel Extraction Kit  Promega 
pGEM®‐T‐Easy Vector System  Promega 
Quantum Prep Plamid MiniPrep kit  Bio‐Rad 
Wizard Genomic DNA Purification Kit  Promega 
1
Suppliers names and addressess are as follows: 
Ajax: Ajax Chemicals, NSW, Australia.  
APS: APS Finechem, Seven Hills, NSW, Australia. 
Astral Scientific: Caringbah, NSW, Australia. 
BBL: Becton, Dickinson and Company, Franklin Lakes, New Jersey, USA. 
B.D.H.: B.D.H. Chemicals, Australia Pty. Ltd., Victoria, Australia. 
Bio‐Rad: Bio‐Rad Laboratories, Richmond, California, USA. 
Finnzymes: Finnzymes Oy, Espoo, Finland. 
F.S.E.: Fisons (AAG) Pty. Ltd., Homebush, NSW, Australia. 
McKenzie’s: Ward McKenzie Pty. Ltd., Altona, Victoria, Australia. 
N.E.Biolabs: New England Biolabs Inc., Beverly, Massachusetts, USA. 
Oxoid: Oxoid, Hampshire, United Kingdom. 
Promega: Promega Corporation, Madison, Wisconsin, USA. 
Roche: Roche Diagnostics, Indianapolis, IN, USA. 
Sigma: Sigma Chemical Company, St Luis, Missouri, USA. 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3.1.3 Media 
 
All media, with the exception of heat sensitive ingredients, was autoclaved for 20 min at 121oC 
and 100 kPa.  Ingredients not  suitable  for  sterilisation by autoclaving were  filtered  through a 
0.4 µm Millipore filter and added to media after cooling to at least 60oC. Chloroform was used 
to sterilise concentrated salts  for use  in minimal media. The addition of 1.5% (w/v) agar was 
used to solidify media on plates and agar slopes. 
 
3.1.3.a Peptone Yeast Extract (PYE) Media 
 
PYE  broth  is  a  general  purpose,  nutrient  rich  media  used  in  this  study  as  the  base  carbon 
source.  It  was made  by  adding  NaCl,  5  g/L;  yeast  extract,  5  g/L;  peptone,  3  g/L  into  1  L  of 
distilled water. When solid media was required 15 g/L of agar was added to PYE media. 
 
3.1.3.b X‐Gal Agar 
 
X‐Gal agar was created by adding X‐Gal and IPTG to cooled, sterile, 25 mL PYE agar plates to a 
final concentration of 50 mM and 40mM respectively. 
 
3.1.3.c Rice starch agar 
 
Rice starch agar was made by adding 2 g of maize starch flour to 15 g agar and 1 L of distilled 
water. 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3.1.3.d Potato starch agar 
 
Potato starch medium contained 2 g potato starch (Sigma, Australia) and 15 g of agar dissolved 
1 L of distilled water 
 
3.1.3.e Philip Methylene Blue Salt Agar (PMBS) 
 
Methylene Blue Philip agar  is PYE based media (3.1.3.a) with the addition of Methylene Blue 
and Salt (at 4% v/w). Methylene Blue is added to PYE agar at a concentration of 50 mM prior to 
autoclaving. When  testing  for  the pentachlorophenol phenotype,  the addition of PCP occurs 
after autoclaving, at concentration of 100 mM per 25 mL plate, due  to  its heat  sensitivity.  It 
should be noted that a range of different PCP concentrations were initially used beginning at 
20 mM and increasing by 10 mM up to 150 mM. 
 
3.1.3.f M9 minimal media 
 
Minimal  media  (Miller,  1972)  was  prepared  by  the  addition  of  100  mL  M9  mineral  salts 
solution (60 g Na2HPO4, 30 g KH2PO4, 5 g NaCl, 10 g NH4Cl) in 1 L of distilled water and 20 mL 
of a 20% (w/v) glucose solution to distilled water to make a final volume of 1 L. 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3.1.3.g LB broth 
 
LB  broth  (O’Connell,  1984)  was  prepared  by  mixing  10  g/L  casein  hydrolysate,  5  g/L  yeast 
extract and 5 g/L NaCl in distilled water to make a final volume of 1 L. 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3.1.4 Solutions 
 
The  solutions  used  in  this  study  are  listed  below.  Unless  otherwise  stated  the  solvent  was 
sterile distilled water. 
 
3.1.4.a Antibiotics 
 
Antibiotic stock solutions were made up to the following concentrations: ampicillin, 10 mg/mL; 
kanamycin, 10 mg/mL; streptomycin, 10 mg/mL, tetracycline, 2.5 mg/mL; chloramphenicol, 5 
mg/mL;  rifampicin,  2.5 mg/mL;  trimethoprim,  5 mg/mL.  Chloramphenicol  and  trimethoprim 
were dissolved  in  acetone  and  stored  at  room  temperature  in  a  fume hood. Rifampicin was 
dissolved  in  acetone,  sealed  in  aluminium  foil  and  stored  at  4°C.  All  other  antibiotic  stock 
solutions were dissolved in distilled water and stored at 4oC. The concentrations of antibiotics 
used to select for resistance determinants are listed in Table 3.3. Antibiotics were added to 25 
mL, cooled, sterilised PYE agar plates at the concentrations outlined in Table 3.3. 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Table 3.3. Antibiotic Resistance Levels for Bacterial Strains Used in This Study 
  Antibiotic/heavy metal concentration (µg/mL) 
Bacterial species  Ap  Cm  Km  Rif  Sm  Tc  Tp 
Agrobacterium radiobacter  100  100  50  100  100  10  50 
Escherichia coli K12  100  50  50  50  100  50  50 
Paracoccus denitrificans  1  1  10  100  100  5  500 
Pseudomonas stutzeri  200  200  20  100  100  100  100 
Ralstonia eutropha  5  5  10  100  50  10  50 
Rhodobacter sphaeroides  1  ‐  20  20  ‐  ‐  ‐ 
Abbreviations: Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Rif,  rifampicin; Sm, streptomycin; 
Tc, tetracycline; Tp, trimethoprim. 
 
3.1.4.b Buffers 
 
SET buffer contained sucrose, 20% w/v; EDTA, 50mM; Tris‐HCl, 50mM; pH 7.6. 
SOC buffer contained casein hydrolysate, 2% w/v; yeast extract, 0.5% w/v; NaCl, 10 mM; KCl, 
2.5 mM; MgCl2, 10 mM; glucose, 20 mM. 
Sterile saline contained NaCl, 9 g/L dissolved in sterile distilled water. 
TAE buffer contained Tris‐HCl, 40 mM; NaAcetate, 33 mM; EDTA, 2 mM; pH 8.0. 
TE buffer contained Tris‐HCl, 10 mM; EDTA, 1 mM; pH 7.4. 
Transformation  and  storage  buffer  (TSB)  contained  PEG  4000,  10%  w/v;  DMSO,  5%  w/v; 
MgCl2, 10 mM; MgSO4, 10 mM in LB broth. 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3.1.4.c Loading Dyes 
 
Agarose  gel  electrophoresis:  loading  dye  contained  Ficoll  400,  15% w/v;  bromophenol  blue, 
0.25% w/v. 
Single  colony  agarose  gel  electrophoresis:  loading  dye  contained  Ficoll  400,  15%  w/v; 
bromophenol blue, 0.25% w/v; SDS, 5% w/v. 
 
3.1.4.d Dyes and Indicators 
 
Throughout  the  study  various  dyes  and  indicators  were  used  for  the  detection  of  pH  and 
reduction‐oxidation  reaction  based  phenotypes.  Stock  solutions  were  made  up  as  follows: 
Bromocresol  purple,  1  mg/mL;  Bromophenol  Blue,  5  mg/mL;  Bromothymol  Blue,  5  mg/mL; 
Congo  Red,  10  mg/mL;  Methylene  Blue,  5  mg/mL;  Phenol  Red,  5  mg/mL.  Unless  stated 
otherwise, dyes were added to 25 mL, cooled, sterilised PYE agar plates. Dyes were added at 
concentrations  beginning  at  20 µg/mL  and  increasing  in  increments  of  10 µg/mL  up  to  100 
µg/mL. Table 3.4 outlines the indicators and their pH states. 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Table 3.4. pH Indicators Used in This Study 
1Indicator  Low pH color  Transition pH range  High pH color 
Bromocresol purple  yellow  5.2‐6.8  purple 
Bromophenol Blue  yellow  3.0‐4.6  purple 
Bromothymol Blue  yellow  6.0‐7.6  blue 
Congo Red  blue‐violet  3.0‐5.0  red 
Phenol Red  yellow  6.8‐8.4  red 
1Dye  Reduced form  Oxidised form 
Methylene Blue  Clear  Blue 
1All dyes were acquired from Sigma‐Aldrich 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3.1.5 Bacterial Strains and Plasmids 
 
The bacterial strains used in this study are detailed in Table 3.5. 
 
Table 3.5. Bacterial Strains Used in This Study. 
Bacterial strain  Relevant genotype  
or phenotype1 
Source 
Escherichia coli 12 
DH5α  supE44,  ΔlacU169(lacZΔM15) 
hsdR17, recA1, endA1, gyrA96 
Hanahan, 1983 
Q358  supE, hsdR17, Ø80r  Karn et al., 1980 
LE392  F’‐ , hsdR, supE44, supF58, lacY1 or 
(lacIZY),  galK2,  galT22,  metB1, 
trpR55 
Borck et al., 1976 
S17‐1 λpir  S17‐1  (endA1,  hsdR17,  supE44, 
plasmid  RP4  integrated  into 
chromosome)  lysogenised  with 
phage λ carrying pir 
De Lorenzo et al., 1990 
Pseudomonas stutzeri 
JMP782/ATCC 17588  Wild‐type, Smr  Palleroni et al., 1970 
JMP783  Smr, Rifr, Res‐  This study 
Paracoccus denitrificans 
UQM1274  Wild‐type, Rifr, Smr  Pemberton  and  Harding, 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1987 
Agrobacterium radiobacter 
UQM296  Wild‐type, Rifr  Hoekema et al., 1983 
Ralstonia eutropha 
JMP228  Wild‐type, Smr  Pemberton et al., 1979 
Lechevalieria aerocolonigenes 
DSM 43385  Wild‐type  White et al., 1986 
Streptomyces lividans 
ATCC19844  Wild‐type  Shirling and Gottlieb, 1972 
Rhodobacter sphaeroides 
RS7001  Bch+,  crtD, ade‐3,  crtE1,  Res‐,  Rifr, 
Smr 
carotenoidless mutant 
Pemberton  and  Harding, 
1986 
Bacillus subtilis 
ATCC6633  Wild‐type  Nakamura et al., 1999 
Abbreviations: Bch+, bacteriochlorophyll; ade‐adenine synthesis; crtD,crtE, carotenoid biosynthesis gene; 
endA1, mutation in endonuclease I; F’‐, host lacks the F' episome; galK2, galactokinase mutation blocks 
catabolism of galactose; gyrA96, DNA gyrase subunit A, resistant to nalidixic acid; hsdR17, restriction of 
foreign  DNA;  lacU169,  β‐galactosidase  deficient;  lacY1,  blocks  use  of  lactose  via  lactose  permease 
mutant;  lacZ∆M15,  a  partial  deletion  of  the  NH2‐terminal  region  of  ß‐D‐galactosidase  to  permit  α‐
complementation  with  vectors  that  encode  this  region; metB1,  Requires  methionine  for  growth  on 
minimal media via cystathionine g‐synthetase mutant; pir, gene encoding the Pir protein of plasmid R6K; 
recA1,  involved  in  DNA  repair  and  recombination.  Mutations  reduce  homologous  recombination  of 
vector with host DNA giving more stable  inserts;  confers UV‐light sensitivity; Res‐,  restrictionless; Rifr, 
rifampicin  resistant;  Smr,  streptomycin  resistant;  supE,  F,  tRNA  glutamine  suppressor  of  amber 
(supE)(UAG)  or  tyrosine  (supF).  supF  is  needed  for  growth  of  some  phage  vectors;  trpR55,  requires 
tryptophan for growth on minimal media. 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The plasmids used in this study are detailed in Table 3.6. 
 
Table 3.6. Plasmids Used in This Study. 
Plasmid  Description  Reference 
pED709 
 
 
pUC18 
Kanamycin sensitive derivative of the 
IncP plasmid pRP4 
 
General use cloning vector; Apr 
Pemberton (personal 
communication) 
 
Yanisch‐Perron et al., 1985 
 
pJP1000 
 
pUC18 with violacein genes cloned 
into the BamHI site of the MCS; Apr 
 
Pemberton (personal 
communication) 
 
pRK2013 
 
ColE1 replicon, tra+, Kmr 
 
Ditta et al., 1980 
 
pR751 
 
IncP, broad host range, tra+, Tpr 
 
Jobanputra and Datta, 1974 
 
pHC79::Tn5‐Crt+ 
 
containing Tn5 carrying the 
carotenoid synthesis genes; Kmr 
 
Pemberton (personal 
communication) 
     
pR388  Parental plasmid used to construct 
cloning vector, tra+, IncW; Tpr 
Laravllaand and 
Fernandodela, 1988 
 
pPSY 
 
Smaller derivative of pR388, Tpr 
 
Philip et al., 2008 
 
pGEM®‐T‐Easy 
 
A commercial PCR cloning vector; 
Apr 
 
Promega, Australia 
 
pPSY‐amyA 
 
Smaller derivative of pR388 
containing the amyA gene from S. 
lividans; Tpr 
 
This study (accession: 
EU352611) 
 
pGEM‐T‐amyA 
 
pGEM®‐T‐Easy PCR cloning vector 
containing the amyA gene from S. 
lividans; Apr 
 
This study 
 
pPSY‐pGEM‐T‐amyA 
 
Co‐integrate created by the fusion of 
pGEM‐T‐amyA and pPSY; Apr, Tpr 
 
This study 
 
pLACB1 
 
pPSX cosmid containing a 
L.aerocolonigenes  catabolic gene 
 
Sarovich and Pemberton, 
2007; This study 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cluster Tpr 
pUC18‐pcpB  The pentachlorophenol‐4‐
monooxygenase gene from 
L.aerocolonigenes cloned into  
pUC18 Apr 
This study (accession: 
GQ396707) 
 
pPSX 
 
pR388 smaller derivative carrying 
the cos region, BamHI sites removed, 
MCS added; Tpr 
 
Sarovich and Pemberton, 
2007 (accession: FJ422118) 
 
pPSX::Tn5‐Crt+ 
 
pR388 smaller derivative carrying 
the cos region, BamHI sites removed, 
MCS added; containing Tn5 carrying 
the Rhodobacter carotenoid gene 
cluster; Kmr, Tpr 
 
This study 
 
pPSX‐Vio+ 
 
pR388 smaller derivative carrying 
the cos region, BamHI sites removed, 
MCS added;  Violacein  gene cluster 
cloned into BamHI of the MCS; Tpr 
 
Sarovich and Pemberton, 
2007 
Abbreviations: Apr, ampicillin resistance; ColE1, colicin E1; cos, cohesive end site of λ phage; 
Cmr, chloramphenicol resistance; Inc, Incompatibility group; Kmr, kanamycin resistance; MCS, 
multiple  cloning  site;  Sur,  sulphonamide  resistance;  Tcr,  tetracycline  resistance;  Tpr, 
trimethoprim resistance; tra+, conjugative (presence of tra genes); Vio, violacein synthesis. 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3.2 Methods 
 
3.2.1 Culture conditions 
 
Throughout this study, unless stated otherwise, plated cultures of E. coli K12 were grown in a 
Laboro incubator at 35 OC. P. stutzeri plate cultures were grown at 30OC, R. sphaeroides and B. 
subtilis  were  grown  at  32OC,  L.  aerocolonigenes  and  S.  lividans  were  grown  at  24OC. 
Environmental  samples  were  grown  at  24OC.  Broth  cultures  were  grown  at  similar 
temperatures  to  plate  cultures  and  were  aerated  by  shaking  at  300‐400  rpm  in  an  Orbit 
Environmental  shaker.  Bacterial  strains  containing  plasmids  were  cultured  on  media  with 
appropriate antibiotic selection to ensure plasmid maintenance. 
 
3.2.2 Bacterial Mating Technique 
 
3.2.2.a Suspension Mating 
 
Donor  and  recipient  strains  of  bacteria were  grown  overnight.  A  loopful  of  each  strain was 
resuspended thoroughly in 1 mL sterile saline. The suspension was poured on a PYE agar plate, 
dried in a laminar flow workstation and incubated for 1‐3 days at the appropriate temperature 
(3.2.1).  When  a  mating  contained  two  different  species  of  bacteria  the  lower  of  the  two 
incubation  temperatures  was  used.  Successful  exconjugants  were  selected  by  performing 
serial 100‐fold dilutions and plating onto the appropriate selective media. 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3.2.2.b Patch Mating 
 
Donor  and  recipient  strains  of  bacteria were  grown  overnight.  A  loopful  of  each  strain was 
mixed on a PYE agar plate and incubated for 1‐3 days. When a mating contained two different 
species of bacteria the lower of the two incubation temperatures was used.  
 
3.2.3 Isolation of Plasmid DNA 
 
Three different methods of plasmid extraction were employed. A clean kit extraction was used 
for  sub‐cloning sequencing or  restriction digestion, a crude method was used as a quick and 
cheap  alternative when only  PCR  template was  required  and  alkaline  lysis was  employed  to 
obtain high molecular weight plasmid DNA.  
 
3.2.3.a Crude Isolation of Plasmid DNA 
 
A small amount of fresh culture was placed into a 0.5 mL Eppendorf tube and 50 µL of water 
was added.  The tube was vortexed and placed in a thermal cycler.  The sample was heated to 
100OC  for  six minutes, and subsequently centrifuged at 13000  rpm for  five minutes  to pellet 
cellular debris.  The supernatant, which contained plasmid and genomic DNA, was placed into 
a clean tube for downstream PCR applications. 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3.2.3.b Plasmid Extraction Using MiniPrep Kit 
 
Fresh  overnight  cultures were  used  for  plasmid DNA extraction.  The Quantum Prep  Plasmid 
MiniPrep Kit  (BioRad) was used according  to  the manufacturer’s  specifications  to  isolate  the 
plasmid DNA. 
 
3.2.3.c Plasmid Isolation by Alkaline Lysis Method 
 
The alkaline lysis method was modified from the Birnboim and Doly protocol (1979). A loopful 
of  growth  was  resuspended  in  1  mL  SET  buffer  (sucrose,  20%  w/v;  EDTA,  50mM;  Tris‐HCl, 
50mM; pH 7.6) and centrifuged for 1 min. The pellet was resuspended in 150 μL of SET buffer. 
350  μL  of  freshly  prepared  lysis  solution  (SDS,  1%  (v/v);  NaOH,  0.2  M)  was  added.  After 
inverting  the  tube  several  times, 250 μL of NaAcetate  (pH 4.8) was added and, after  further 
inversions, the mix was incubated for 10 min at ‐200C. The tube was subsequently centrifuged 
for 10 min at 13200 rpm and the supernatant removed to a fresh tube. Isopropanol was added 
to nearly  fill  the  tube,  inverted  several  times and  centrifuged at  13200  rpm  for 10 min.  The 
resulting pellet was washed twice with 70% ethanol. The pellet was centrifuged for 1 sec and 
residual liquid removed with a pipette. 50 μL RNase solution (RNase, 1mg/mL; MgCl2, 10 mM; 
Tris‐HCl, 100 mM; pH 7.5) was added and the tube incubated at 370C for 30 min. 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3.2.4 Electrophoresis of DNA 
 
Unless otherwise stated, all agarose gels were 0.8% (w/v). Gels were prepared by melting 0.4 g 
agarose  in  50 mL distilled water.  After  cooling  the mixture  to  60°C,  1 mL of  50X  TAE buffer 
(3.1.4.b) and 5 µL of ethidium bromide (5 mg/mL) was added, mixed and poured into a tape‐
sealed gel tray. Combs of appropriate size were inserted. The gel was allowed to set for 20 min. 
The  gel  was  submerged  in  1X  TAE  buffer  containing  0.5  mg/mL  ethidium  bromide.  5 µL  of 
sample DNA was mixed with 3 µL loading dye (3.1.4.c) before loading into the submerged wells 
of the gel. The DNA was electrophoresed under a constant voltage of 90 volts, at 400 milliamps 
(mA) for 30 min unless stated otherwise. DNA bands were visualised by fluorescence on a UV 
transilluminator at 302 nm irradiation. Gels were photographed digitally using a Fluor‐S Multi 
Imager or Gel Cam for record collection.  
 
3.2.5 Estimation of DNA Concentration 
 
The method of Priefer and co‐workers (1984) was used to estimate DNA concentration. Known 
concentrations of λ DNA digested with HindIII were used to compare the relative brightness of 
fluorescence between sample DNA and λ DNA and hence approximate sample concentration.  
 
3.2.6 Molecular Weight Determination of Restriction Fragments 
 
DNA  from  λ  bacteriophage  was  digested  with  the  restriction  enzyme  HindIII  (as  per 
manufacturers  instructions), which provided reference fragments of known molecular weight 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that  allowed  the  calculation  of  restriction  or  sample  fragment  size.  Calculations  were 
performed using a standard log curve of reference fragment molecular weight against relative 
mobility (Priefer, 1984).   
 
3.2.7 Restriction Endonuclease Digestion of DNA 
 
3.2.7.a Complete Digestion 
 
To a sterile 1.5 mL Eppendorf tube, 4‐12 µL of DNA, 2 µL of 10X incubation buffer (specific for 
each  restriction  endonuclease),  and  1  µL  of  restriction  endonuclease  were  added  and  the 
resulting solution brought to a final volume of 20 µL with distilled water. The reaction mixture 
was gently mixed and incubated in a 37°C water bath for 1.5 to 2 h. The reaction mixture was 
heat inactivated at 65°C for 15 to 20 min. Where more than one restriction endonuclease was 
used,  the  appropriate  buffer was  selected  in  compliance with  the  guidelines  detailed  by NE 
Biolabs  or  Promega  (depending  on  the  source  of  the  enzymes).  If  a  suitable  buffer was  not 
available  a  series  of  independent  restriction  digests were  carried  out.  All  restriction  enzyme 
digest reactions were electrophoresed (3.2.4) to check for proper digest and purity.  
 
3.2.7.b Partial Digestion 
 
For partial digestion of DNA,  the  same conditions were used as  complete digestion with  the 
exception of enzyme concentration. The restriction enzyme was serially diluted two‐fold in the 
digest mix up to 1/128 dilution. Where Sau3A1 was used the digest genomic DNA incubation at 
37°C was reduced from between 1.5 and 2 h to 15 min along with an extra two‐fold dilution of 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enzyme.  Digests were subsequently inactivated at 65°C for 20 min. Completeness of digestion 
was determined by agarose gel electrophoresis (3.2.4). 
 
3.2.8 Ligation of Sub‐cloned DNA Fragments 
 
Two protocols were used for the cloning of digested target DNA or PCR products into plasmid 
vectors.  The  first  involved  the  ligation  of  DNA  fragments  overnight.  To  a  0.5 mL  Eppendorf 
tube, 4 µL digested vector DNA, 4 µL digested target DNA, 2 µL of 10X T4 DNA Ligase buffer 
(Promega) were added and made up to 19 µL with distilled water. To this reaction mix, 1 µL of 
T4 DNA Ligase (Promega) was added, centrifuged briefly and allowed to ligate overnight at 4oC. 
An alternative protocol used identical materials and volumes but required a ligation period of 3 
to 4 h at room temperature along with a buffer at 2x concentration. Once the ligation reaction 
was complete, samples were stored at 4°C until transformation.  
 
3.2.9 Transformation 
 
3.2.9.a Chemically Induced Competence 
 
The transformation procedure used in this study was a modification of the method described  
by  Chung  and  co‐workers  (1989).  A  small  loopful  of  an  overnight  culture  of  the  E.  coli  K12 
strain  DH5α,  unless  specified  otherwise,  was  inoculated  into  5  mL  PYE  broth  (3.1.3.1)  and 
grown to an OD540 of 0.3 to 0.6 (approximately 2 h). To a 1.5 mL Eppendorf tube, 1 mL of the 
newly incubated cells were added, pelleted by centrifugation at 13200 rpm for 5 min and the 
resulting  supernatant  discarded.  Induction  of  competence  was  achieved  by  gently 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resuspending  the  pelleted  cells  in  200 µL  of  cold  Transformation  and  Storage  Buffer  for  10 
minutes (TSB) (3.1.4.b).  
 
To the competent cells, 5‐10 µl of the desired DNA sample was added and placed on ice for a 
further 30 min. The mixture was heat shocked in a water bath, initially at 42oC for 30 sec and 
then at 37°C for 5 min. To the mixture, 1 mL of PYE broth was added and incubated at 37°C for 
1  h  to  allow  the  expression  of  plasmid  encoded  genes.  Transformants  were  selected  by 
spreading 100, 200 and 400 µL samples, in duplicate, onto the appropriate antibiotic medium. 
Vectors  allowing  lacZ  (α‐complementation)  screening  required  the  addition  of  the  suitable 
antibiotic to X‐Gal‐supplemented media.  
 
3.2.9.b Electrically Induced Competence 
 
The  method  used  was  adapted  from  Dower  and  co‐workers  (1988).  All  growth  from  an 
overnight plate culture was harvested and resuspended in approximately 1mL of ice‐cold 10% 
(v/v)  glycerol.  The  suspension was  centrifuged  at  13200  rpm  for  1 min  and  the  supernatant 
removed  with  a  Pasteur  pipette.  The  pellet  was  resuspended  by  pipetting  1 mL  of  ice‐cold 
glycerol in and out with a Pasteur pipette. This process was repeated four more times with the 
resulting wash  left on  ice for 5 min. 40 µL of the cell suspension was mixed with 1 µL of the 
DNA  and  was  transferred  to  an  ice‐cold  0.2  cm  electroporation  cuvette.  The  cuvette  was 
transferred  to  the  electroporation  apparatus  and  pulsed  at  12.5  kV/cm,  a  resistance  of  200 
ohms and a capacitance of 25 µF. To this, 1 mL of SOC buffer (3.1.4.b) was immediately added 
to the cuvette and after gentle resuspension, was transferred to a 1.5 mL Eppendorf tube. The 
cells were incubated at 370C for 60 to 90 min. Cells were plated out on appropriate selective 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plates. A negative control (cells not exposed to DNA) was plated on the same medium to verify 
correct media composition and inhibition of strains not containing the transformed DNA. 
 
3.2.10 Polymerase Chain Reaction (PCR) 
 
PCR  was  performed  using  a  PTC‐200  thermocycler  (MJ  Research,  Massachusetts,  USA).  
Reactions contained either 0.02 U PhusionTMHigh‐Fidelity DNA Polymerase (Finnzymes) or 0.5 
U Taq DNA polymerase (Promega). Unless otherwise stated, reactions contained a 0.4 µM final 
concentration of both  forward and  reverse primers,  each nucleotide  (dATP, dCTP, dGTP and 
dTTP) at a final concentration of 200 mM, 1.5 mM MgCl2, and 0.2 to 0.5 µg DNA template  in 
commercially supplied Taq polymerase buffer, to a volume of 25 µL. 
 
3.2.11 Custom Primer Design 
 
In  instances  requiring  customised primer designs,  the  software developed by Massachusetts 
Institute  of  Technology  (MIT),  Primer3  was  employed.  Primers  were  also  designed  in 
accordance  with  temperature  calculations  presented  by  SantaLucia  (1998).  Production  of 
primers was carried out by Sigma Aldrich. 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3.2.12 Cloning of PCR Fragments 
 
PCR  products  (amplicons)  were  cloned  into  pGEM®‐T‐Easy  (Promega)  following  the 
manufacturers protocol. Following amplification, amplicons were cleaned using a PCR clean‐up 
kit  (Promega) following manufacturer’s  instructions. When PCR products were amplified by a 
blunt ending polymerase, an A‐tailing (3.2.13) procedure was followed as described below.  
 
3.2.13 A‐tailing PCR Fragments 
 
Adenosine  residues  were  added  to  blunt  end  amplicons  following  a  procedure  outline  by 
Knoche and Kephart (1999). Following PCR amplification, 7 µL clean amplicon was eluted into a 
clean Eppendorf  tube. To the amplicons, 1 µL 10X Taq buffer  (containing MgCl2), 5 units Taq 
DNA polymerase and 1 µL dATP (2mM) was added and brought to a final volume of 10 µL with 
distilled water. The sample was incubated at 720C for 25 min. Subsequently, 2 to 3 µL was used 
in a standard pGEM®‐T‐Easy ligation according to manufacturer’s instructions. 
 
3.2.14 Bioinformatic Analysis of DNA Sequence Data 
 
Nucleotide  (3.2.18)  and  peptide  sequence  analyses  were  conducted  using  the  Basic  Local 
Alignment Search Tool (BLAST) (Altschul et al., 1990) and Position‐Specific Iterative (PSI)‐BLAST 
(Altschul et  al.,  1997)  from  the National  Center  for  Biotechnology  Information  (NCBI)  online 
database. 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3.2.15 Preservation of Bacterial Strains 
 
Preservation and storage of important bacterial strains was achieved by resuspending a fresh 
culture of the strain in a 1.5 mL Eppendorf tube containing 1 mL of 25 % glycerol, followed by 
storage at ‐80oC until required. 
 
3.2.16 Isolation of Spontaneous Antibiotic Resistant Mutants 
 
Serial dilutions of an exponential broth culture of the strain to be made resistant were spread 
onto PYE agar plates supplemented with the appropriate antibiotic.  The plates were incubated 
for 3 to 4 days at 37OC.  Mutant strains displaying resistance to the antibiotic of interest were 
restreaked onto PYE agar to obtain pure culture of the resistant colony.  
 
3.2.17 Genomic DNA Extraction 
 
Two methods were employed for genomic DNA extraction. When a small amount of DNA was 
required  (as  in  the  case  of  PCR)  a  quick,  crude  extraction  was  performed,  similarly  to  the 
plasmid  DNA  extraction  described  in  Section  3.2.3.a.  When  greater  amounts  of  DNA  were 
required (for example, cosmid cloning) a kit based extraction method was employed. 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3.2.17.a Crude Whole Cell Extract 
 
A small amount of fresh bacterial culture was placed into a 0.5 mL Eppendorf containing 50 µL 
of water.  The sample was subsequently vortexed for 5 to 10 sec and placed in a thermal cycler, 
followed  by  heating  at  100OC  for  6  min.  Samples  were  centrifuged  at  13000rpm  for  5  min 
allowing  the  cellular  debris  to  be  separated  from  the  genomic  DNA.  The  supernatant  was 
removed to a clean tube and stored for later use. 
 
3.2.17.b Genomic DNA Kit Extraction 
 
Genomic DNA was  extracted using  a Wizard Genomic DNA Purification Kit  (Promega)  as  per 
manufacturer’s  instructions  for  isolation  of  genomic  DNA  from  Gram‐positive  or  Gram‐
negative bacteria.  
 
3.2.18 Cosmid Cloning 
 
Cosmid cloning of genomic DNA was achieved using the Packagene Lambda DNA Packaging Kit 
(Promega).    Genomic  DNA  (gDNA)  was  partially  digested  with  Sau3A1  (3.2.7.b)  and  ligated 
(3.2.8) into BamH1 digested pHC79, pPScos or pPSX (3.2.7.a).   Packagene mix was thawed on 
ice and divided into two 25 µL aliquots to which 5 µL of ligation mix was added.  This mix was 
incubated at room temperature for 3 h. 
 
λ  bacteriophage‐sensitive  E.  coli  K12  LE392  was  prepared  by  inoculation  into  PYE  broth 
supplemented with 0.2% maltose and 10mM MgSO4 and shaking at 37
OC until culture reached 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late  log phase  (4  to 5 h).    LE392 cells were pelleted at 8000 rpm for 15 min,  resuspended  in 
0.01 M MgSO4 and aerated for 1 h at 32
OC immediately prior to adsorption and transduction. 
 
Sensitive LE392 were  infected with recombinant λ bacteriophage by mixing 1 mL of sensitive 
cells with the recombinant λ bacteriophage aliquot, followed by incubation at 37OC for 30 min 
to  allow  adsorption  and  transduction.    Infected  LE392 were  then  diluted  into  10 mL  of  PYE 
broth and incubated at 37OC for 90 min to allow expression of resistance markers. 
 
Infected LE392 were plated on PYE agar plates containing Ap (when using pHC79) or Tp (when 
using pPScos or pPSX).  After 48 hours incubation at 37OC, colonies were replica plated (3.2.25) 
onto PYE agar plates containing the appropriate antibiotic selection (50 colonies per plate).  
 
3.2.19 DNA Sequencing 
 
Unless  otherwise  stated,  vectors  containing  an  insertion  region  amplifiable  by  the  M13 
forward and reverse primers were employed for sequencing. Plasmid DNA was extracted using 
the Plasmid MiniPrep Extraction Kit (BioRad) according to manufacturer’s instructions (3.2.3.b). 
 
3.2.19.a Cycle Sequencing Protocol. 
 
To a 0.5mL Eppendorf tube, 8µL dye terminator ABI Cycle Sequencing Mix (Applied Biosystems) 
(which contains Taq DNA polymerase, MgCl2, buffer, dNTPs and fluorescently labelled ddNTPs) 
was mixed with 6.4 pmol forward or reverse M13 primer (Promega) and 3 to 5 µL of template 
DNA.   The mixture was made up to 20 µL with distilled water, mixed gently, spun briefly and 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placed in a thermal cycler.  The sequencing protocol was as follows: denaturation at 95OC for 
30 sec, annealing at 50OC for 1 min, elongation at 72OC for 4 min; repeated for 25 cycles.  The 
final  elongation  step  was  followed  by  a  thermal  ramp  to  a  holding  temperature  of  4OC. 
Samples were subsequently purified by ethanol precipitation according to standard Australian 
Genome  Research  Facility  (AGRF)  protocol  and  sent  to  AGRF  (University  of  Queensland,  St 
Lucia, Australia) for further analysis. 
 
3.2.19.b Purified DNA 
 
A second alternate protocol was employed for sequencing of some samples. Plasmid template 
was  extracted  from  the  host  cell  (3.2.3.b)  and  quantified  approximately  using  agarose  gel 
electrophoresis  (3.2.4).  Approximately  400  ng  of  template  DNA  was  added  to  a  fresh 
Eppendorf tube. To this 6.4 pmol of sequencing primer was added (either forward or reverse), 
the sample was made up to 10 µL with distilled water and subsequently submitted to AGRF for 
further analysis. 
 
3.2.20 Stability Testing 
 
Plasmid stability was tested by  inoculating 5 mL PYE broth with the tester strain  followed by 
overnight incubation at 37OC.  After 24 h, 5 μL of the culture was used to re‐inoculate 5 mL of 
fresh PYE, followed by incubation at 37OC for 24 h. After five rounds of growth (approximately 
100 generations)  the  culture was plated at 100‐fold  serial dilutions.    100 µL of each dilution 
was plated onto PYE agar and left overnight at 37OC.   A hundred colonies were removed and 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patched onto selective and non‐selective media. The number of viable colonies was observed 
and recorded to allow a percentage of segregation to be calculated.  
 
3.2.21 Blunt Ending DNA Samples 
 
To  generate  blunt‐ends  from  overhanging  single‐stranded  DNA,  either mung  bean  nuclease 
(Promega) or the Klenow fragment of DNA polymerase I (Promega) was used. Both procedures 
were carried out according to manufacturer’s instructions. 
 
3.2.22 Transpositional Escape of Tn5‐Crt+ 
 
To  test  segregation  and  expression  levels  of  heterologous  hosts  and  plasmids  encoding  for 
carotenoids,  the  Tn5‐Crt+  (Tn5  transposon  carrying  the  carotenoid  biosynthesis  cluster, 
inserted into the BamHI site) was transposed onto the vector to be tested. The method used 
was dependant on whether the vector to be tested was conjugative (tra+) or non‐conjugative 
(tra‐).  
 
The following procedure was used for transpositional escape onto a tra+ plasmid. E. coli K12 
LE392 SmrpHC79::Tn5‐Crt+ was used as a donor of the Tn5‐Crt+. The E. coli  K12 strain carrying 
the  tra+ plasmid  to be  tested was patch mated  (3.2.2.b) with E.  coli K12 LE392 pHC79::Tn5‐
Crt+.  Exconjugants  containing  the  transferred  tra+  plasmid  were  selected  for  on  PYE  agar 
supplemented with Ap  (to select  for pHC79::Tn5‐Crt+), Sm (to select  for  the recipient LE392) 
and the appropriate antibiotic  to select  for  the  tra+ plasmid. The resulting strain  (LE392 Smr 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pHC79::Tn5‐Crt+,  tra+  plasmid)  was  patch  suspension  mated  with  LE392  Smr  Rifr  (3.2.2.a). 
Exconjugants were selected for on PYE agar containing Rif and Km. Presumptive exconjugants 
that demonstrated Aps  (to detect  loss of pHC79), Kmr  (to detect presence of Tn5::Crt+)  and 
carotenoid production had undergone transposition escape of Tn5‐Crt+ onto the tra+ plasmid. 
Presence of Tn5‐Crt+ on the tra+ plasmid was verified by the presence/absence of resistance 
markers and the ability to extract and re‐transform plasmid DNA. 
 
The following procedure was used for tra‐ plasmids. Again, the pHC79::Tn5‐Crt+ was used as a 
donor  of  Tn5‐Crt+.  Both  the  tra‐  plasmid  and  the  pHC79::Tn5‐Crt+  were  transformed  into 
LE392 Smr. The resulting strain (LE392 Smr pHC79::Tn5‐Crt+, tra‐ plasmid) was grown in non‐
selective  broth  for  a  period  of  not  less  than  50  generations.  After  growth,  the  strain  was 
serially diluted and plated onto PYE agar  containing Sm  (to  select  for  the original E.  coli  K12 
strain),  Km  (to  select  for  the  Tn5‐Crt+)  and  the  appropriate  antibiotic  to  select  for  the  tra‐ 
plasmid.  All  viable  colonies  were  replica  plated  (3.2.25)  and  tested  for  Apr.  Those  colonies 
showing Aps (loss of pHC79), Kmr (presence of Tn5‐Crt+) and presence of the tra‐ plasmid had 
presumptively undergone transpositional escape of Tn5‐Crt+. The presence of Tn5‐Crt+ on the 
tra‐  plasmid  was  verified  by  the  presence/absence  of  resistance markers  and  the  ability  to 
extract and re‐transform plasmid DNA. 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3.2.23 Single Colony Gel Electrophoresis 
 
In  order  to  screen  transformants  for  vectors  harbouring  significant  inserts,  single  colony  gel 
electrophoresis was employed. Colonies were picked from plates using a sterile toothpick and 
added to a sterile 1.5 µL Eppendorf tube containing 20 µL of loading dye (3.1.4.c) and 200 µL 
TAE Buffer (3.1.4.b). Tubes were vortexed to resuspend culture and incubated at 65 OC for 30 
min.  Prior  to  loading  into  the  agarose  gel,  tubes were  again  vortexed  and  added whilst  hot 
onto a 0.7% agarose gel. The DNA was electrophoresed at a constant voltage of 65 V at 400 
mA for 50 min. Gels were subsequently visualised by fluorescence on a UV transilluminator. 
 
3.2.24 Antibiotic Inhibition Testing 
 
Strains to be tested were patched onto PYE agar and allowed to grow for 2 to 3 days. A loopful 
of overnight culture of the antibiotic sensitive tester strain, Bacillus subtilis, was resuspended 
in 1 mL of 0.9% saline. 200 µL of this suspension was added to 5 mL of 0.8% PYE agar (melted 
and cooled to 50 OC) and poured onto PYE agar plate containing patches of the strains to be 
tested. The agar was allowed to set and incubated at 30 OC for 24 h. Plates were subsequently 
inspected for zones of inhibition. 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3.2.25 Determination of Antibiotic Resistance Level 
 
The level of antibiotic necessary to select for resistance determinants and retention of plasmid 
was determined by sixteen streaking the strain of  interest on steadily  increasing levels of the 
antibiotic  to  be  tested.    The  level  of  antibiotic  required  was  defined  as  the  level  at  which 
growth of the wild‐type strain was inhibited but a mutant or plasmid bearing strain could grow. 
 
3.2.26 Replica Plating 
 
Colonies were picked from plates with sterile wooden toothpicks and patched onto replica and 
master plates in  identical positions using a template. Up to 50 colonies could be patched per 
plate. 
 
3.2.27 Band Extraction from Agarose Gel 
 
Gel  extraction  was  undertaken  using  a  Gel  Extraction  Kit  (Promega)  according  to 
manufacturer’s instructions. 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Results  Displayed  in  Chapter  4  of  this  Thesis  have  been 
published.  Philip,  D.S.,  Sarovich,  D.S.,  Pemberton,  J.M. 
(2009).Complete sequence and analysis of the stability functions 
of  pPSX,  a  vector  that  allows  stable  cloning  and  expression  of 
Streptomycete genes in Escherichia coli K12.Plasmid62(1): 39‐43 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4.1 Introduction 
 
By definition, broad host range plasmid genes, such as those of the IncW plasmid pR388, are 
transcribed and translated by a wide range of unrelated bacteria. Plasmids are able to achieve 
this co‐existance with the host through the evolution of a mechanism(s) for parasitism of the 
host cell transcription and translation systems (Bolland et al., 1990). Often, for the purpose of 
stabilisation and selection, a marker such as antibiotic resistance is used. An intriguing feature 
of the broad host range IncW plasmid pR388 (34kb) is that it is absolutely stable in E. coli K12 
in  the  absence  of  antibiotic  selection  pressure  (Sarovich  and  Pemberton,  2007).  This 
observation is maintained even when encoding the synthesis of the toxic antitumour antibiotic 
violacein.  Given  these  properties,  pR388  seemed  the  ideal  candidate  as  a  base  for  the 
construction of a stable cosmid cloning vector, capable of mobilisation to other heterologous 
hosts.  
 
Three rounds of Sau3A partial digestion and self‐ligation of the 34kb plasmid pR388 produced 
a  stable  minimal  replicon  of  12kb.  The  final  stable  cosmid/biological  artificial  chromosome 
(BAC) cloning vector, pPSX (14kb), was constructed by the addition of the cos site from pHC79 
(Hohn and Collins, 1980) and the multiple cloning site (MCS) of pUC18 (Yannisch‐Perron et al., 
1985)  
 
While  the  use  of  pPSX  as  a  cosmid  cloning  vector  has  been  documented  (Sarovich  and 
Pemberton, 2007; Philip et al., 2008), the sequencing and functional analysis of its genes have 
only now been elucidated (Philip et al., 2009). The aim of the experimental work presented in 
this  chapter  was  to  completely  sequence  pPSX  and  determine  how many  pR388  genes  had 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been retained by pPSX and if possible their precise function.  Of particular interest were genes 
that might be responsible for the remarkable stability of pPSX in E. coliK12.  
 
4.2 Sequencing of pPSX 
 
Sequencing was carried out by  the AGRF  (Australian Genome Research Facility, based at  the 
University of Queensland). In order to maximise the fidelity of the sequence, two methods of 
sequencing  were  employed  to  sequence  pPSX,  shotgun  sequencing  and  primer  walking. 
Considering the random process utilised in the construction of pPSX (Sarovich and Pemberton, 
2007),  it was  important  to determine which  genes were present  and whether  they  retained 
their  functionality.  Contrary  to  expectations,  the  final  data would  reveal  that  pPSX was  not 
composed of a random collection of pR388 fragments. 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4.3 Shotgun Sequencing of pPSX 
 
The  shotgun  sequencing  of  pPSX  was  carried  out  using  a  variation  of  the  standard  Sau3A 
partial  protocol.  Typically,  this  protocol  uses  a  longer  digestion period  to  cater  for  the  large 
size of genomic DNA samples. However, pPSX was only 14‐15kb in size and a standard partial 
would result in small fragment sizes that, whilst easily sequenced, would be an inefficient use 
of  time  (assuming  that  a  standard  sequencing  reaction,  using  universal M13  primers,  yields 
approximately  1kb).  Instead,  the  reaction  time  was  reduced  to  allow  for  larger  fragments 
(3.2.7.b).  The  appropriately  sized  fragments  (within  the  range  of  0.7‐1kb)  were  ligated  into 
pUC18 pre‐digested with BamHI and transformed into E. coli K12 DH5α (3.2.8 and 3.2.9). The 
resulting transformation mix was plated onto X‐gal medium supplemented with 50 mg/mL of 
ampicillin  (3.2.9).  200  of  the  resulting  transformants  were  replated  onto  quartered  X‐gal 
supplemented with 50 mg/mL of ampicillin. Of these 200, 127 retained the positive selection 
phenotype. Plasmid extraction procedures were subsequently carried out and dispatched for 
sequencing using both universal M13 Forward and Reverse primers (3.2.3, 3.2.19). 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4.4 Primer Walking Based Sequencing of pPSX 
 
As  previously mentioned,  pPSX  is  a  smaller, modified  derivative  of  the  IncW plasmid  pR388 
(4.2).  Since  the  sequences of pHC79, pUC18 and pR388 are  known,  an opportunity presents 
itself in the form of pre‐sequenced genes. Certain genes must be present in order for pPSX to 
exist  as  a  vector.  Such  genes  include,  the  cos,  MCS,  dihydrofolate  reductase  (dhfr,  which 
encodes  trimethoprim  resistance),  oriT  and  oriV.  Considering  this,  outward  facing  primers 
were designed for all of these genes, with the exception of the MCS, to sequence surrounding 
genes. All primers were the subject of a BLASTn search to ensure the specificity of the designs 
before their use (Altschul et al., 1990). The following table (Table 4.1) presents the genes and 
DNA elements with their corresponding primer pair. 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Table 4.1: Known Gene/s and DNA Elements with Their Corresponding Primer Pair. 
Gene or DNA element  Primer Sequence 
cos (cohesive end site)   
  5’‐3’ primer  gtaactttgccggacaggag 
  3’‐5’ primer  gccatcaaaccacgtcaaat 
 
Trimethoprim resistance gene (dhfr)   
  5’‐3’ primer  cgttggcttcatcgctactt 
  3’‐5’ primer  ttatcctgtggctgcacttg 
oriT   
  5’‐3’ primer  gctatgcgcattgggttatc 
  3’‐5’ primer  cctatctgcgggagctactaga 
oriV   
  5’‐3’ primer  attagcgttctcacgtgctttt 
  3’‐5’ primer  cccgcaaagccttgattc 
 
 
The resulting sequence data sets were collated using the pair‐wise alignment tool within the 
BLAST software suite (Altschul et al., 1990). Analysis of this final construct revealed that pPSX 
was 14.7kb in size. 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4.5 pPSX, a 14.7kb Cosmid Cloning Vector 
 
pPSX is an extremely stable cloning vector based on a minimal replicon of pR388.The sequence 
data  presented  here  (Figure  4.1,  NCBI  Accession  no.  FJ422118)  illustrates  that  pPSX  is  the 
amalgamation of  two continuous segments of pR388. Segment 1 covers  the  region  from the 
middle  of  trwA  to  the  middle  of  orf5,  encoding  the  origin  of  vegetative  replication, 
transposition  and  partitioning  genes,  as  well  as  the  genes  for  trimethoprim  (dhfr)  and 
sulfonamide (sul1) antibiotic resistance (Table 4.2). Segment two is in the opposite orientation 
relative to segment one of pR388. This region encodes the segment from orf23 to oriT (Table 
4.2). The cos site from pHC79 and MCS from pUC18 have been inserted in orfA of segment one 
to  produce  the  final  cosmid/BAC  vector,  pPSX  (Sarovich  and  Pemberton,  2007).  During  the 
construction  of  pPSX,  more  than  half  of  trwA  and  orf5  were  deleted  due  to  the  digestion 
process. In addition, orfA, was cut in half by the insertion of the cos and MCS regions. To date, 
none of these genes have demonstrated functionality. 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Figure  4.1.  Map  of  the  Stable  Cosmid  Cloning  Vector  pPSX.  oriV,  origin  of  vegetative 
replication;  repA;  replication  protein  ;  resP,  resolvase;  orf38,  unknown  function  ;  intl1, 
integrase; dhfr, dihydrofolatereductase confers  trimethoprim resistance (Tp R); MCS, multiple 
cloning  site;  COS,  cohesive  ends  of  lambda  phage;  qacE∆1,  resistance  to  quaternary 
ammonium  compounds;  sul1,  sulfonamide  resistance;  orf23,22,21,20,19,18,  unknown 
function;  oriT,  origin  of  transfer  replication;  parB,  partition  protein;  orf,35,  unknown 
function.Sequencing  of  pPSX  was  carried  out  at  the  Australian  Genome  Research  Facility 
(AGRF). 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4.6 Segment One 
 
The  cosmid  cloning  vector pPSX  can be divided  into  two broad  segments of DNA, which are 
outlined in Table 4.2. A comparison of the data presented in Figure 4.1 and Table 4.2 reveals 
that  genes  conserved  in  this  first  segment  are  largely  confined  to  replicative  and  survival 
functions. The first of these genes, parB,is a known participant in the partitioning of low‐copy 
number plasmids  and plays  a  vital  role  in maintaining plasmid  stability  (Gordon  and Wright, 
2000; Godfrin‐Estevenon et al., 2002).  In E. coli K12,  this  is achieved by ensuring  that during 
cell division each of the daughter cells receives at least one copy of the plasmid (Gordon and 
Wright,  2000;  Godfrin‐Estevenon  et  al.,  2002).  Plasmid  partitioning  systems  are  encoded  in 
two closely linked genes parA, parB and a cis‐acting centromere‐like site parS. ParA is a Walker 
box or actin‐like ATPase (Ebersbach and Gerdes, 2005; Funnell, 2005). ParB binds as a dimer to 
specific  sequences  within  the  cis  site  (Schumacher  and  Funnell,  2005).  The  partitioning 
complex  determines  the  intracellular  location  of  the  plasmid.  Just  before  partitioning,  the 
plasmid  copies  move  towards  the  poles  and  away  from  the  site  of  cellular  scission.  After 
division,  the  plasmids  occupy  an  equatorial  position.  Although  pPSX  contains  a  homolog  of 
ParB there are no direct homologs of ParA or ParS. However, the adjoining gene to parB, orf35 
exhibits  high  homology  with  kfrA,  a  putative  plasmid  nucleoid  organiser  that  is  often 
associated with the parAB family of proteins (Adamczyk et al., 2006). Despite this, no cis‐acting 
centromere‐like  site,  defined  by  ParS,  could  be  found.  Adjacent  to  orf35  isthe  origin  of 
vegetative  replication  (oriV)  after  which  the  resolvase,  resP,  is  located.  resP  may  play  an 
important  role  in  the  resolution  of multimeric  forms  of  the  plasmid.  In  other  plasmids,  the 
failure to resolve such multimers can lead to plasmid instability (LeBard et al., 2008). Located 
next to resP  is orf38, which has yet to be assigned a function. However, a comparative BLAST 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search  reveals  that  orf38  has  high  homology  (98%)  to  the  inner  membrane  protein  of 
Providencia  rettgeri  DSM  1131  (accession  no.  YP_001874893)  and  may  be  involved  in 
mobilisation. Following resP  is  IntI1, a site‐specific recombinase that belongs to the integrase 
family and is prevalent among many conjugative plasmids (Hall and Collis; 1995). Flanking the 
recombinase is the dihydrofolate reductase gene, dhfr, which confers trimethoprim resistance. 
Following dhfr  is  a  truncated  section orfA  carrying  the multiple  cloning  site  (MCS)  of  pUC18 
and the cos site of the lambda bacteriophage (Sarovich and Pemberton; 2007). As a result, any 
function that orfA may have possessed is most likely rendered inactive. Upstream of the orfA 
remnant flanking the cos site is the qacEΔ1 and sul1 genes that confer resistance to quaternary 
ammonium  compounds  and  sulphonamides,  respectively  (Sundstroem  et  al.,  1988).  Finally, 
adjacent to the sul1 gene, is a fragment of orf5, a gene of unknown function. This remnant of 
orf5 is unlikely to be functional (Sarovich and Pemberton, 2007).  
 
Table 4.2: Identified Genes Within Segments One and Two of pPSX. 
orf/Gene  Function  Reference 
Segment one     
parB  Active partitioning of low‐copy number plasmids requires 
twoproteins belonging to the ParA and ParB families and 
a cis‐acting site which ParB acts upon.  
Lukaszewicz et al., 2002  
orf35  Has high homology with kfrA from the salmonella enteric 
plasmid pIE321 (IncW) and some IncP1‐beta plasmids (eg, 
pR751). It is associated with parA and parB. 
Adamczyk et al., 2006  
oriV/repA  origin of vegetative replication/plasmid replication 
initiation protein 
Okumura and Kado, 1992 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resP  A resolvase gene. Most likely a homolog of the Tn21 
resolvase gene  
Fernández‐López et al., 
2006 
orf38  Has high homology to an inner membrane protein of the 
plasmid R7K from Providencia rettgeri DSM 1131 
(accession no. YP_001874893) 
Revilla et al., 2008 
intI1  site‐specific recombinase  Collis et al., 1998 
dhfr  dihydrofolate reductase confers trimethoprim resistance  Swift et al., 1981  
‘orfA  no assigned phenotype/ gene probably inactivated  Revilla et al., 2008 
MCS  multiple cloning site from pUC18  Yanisch‐Perron et al., 1985 
COS  lambda COS site from  pHC79  Hohn and Collins, 1980 
qacEΔ1  resistance to quaternary ammonium compounds (QAC)  Paulsen et al., 1993 
sul1  sulfonamide resistance  Sundstroem et al., 1988 
‘orf5  function unknown/probably inactive   
 
Segment two     
‘trwA  Relaxase enhancer, which has a DNA binding domain. It 
works in conjunction with TrwB and TrwC at the oriT site. 
Probably inactive. 
Revilla et al., 2008; 
Moncalián, et al., 2004  
oriT  origin of plasmid transfer replication  Ryan and Ray, 2004 
orf18  Homolog of the stbA gene from pIE321 (IncW).  In the 
conjugative, incN plasmids pKM101 and pCU1, this is part 
of the stability operon (stb operon).  
Paterson et al., 1999  
orf19  Homolog of the stbB gene from pIE321 (IncW). May be 
involved in auto regulation of the stb operon by 
Paterson et al., 1999; 
Tabuchi et al., 1992 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repression of the stbAB promoter. 
orf20  Homolog of the stbC gene from pIE321 (IncW). 
Insertion/deletion causes instability. 
Paterson et al., 1999 
orf23  Shows homology to the methylase of Type I 
restriction/modification system of Burkholderia 
pseudomallei 1106a 
Accession no. ABN88696 
 
orf22  function unknown   
orf21  function unknown   
 
4.7 Segment Two 
 
Segment  two  contains what  appear  to  be  two  divergently  transcribed  operons  (Figure  4.1). 
These are oriT, orfs 18, 19, 20 and orfs 21, 22, 23. Orf 18 has homology to both the stability 
operon (staABC) of IncN and other IncW plasmids. It also has low‐level homology to the traD 
gene  of  pNAH7,  a  conjugative  naphthalene  catabolic  plasmid  plasmid  from  Pseudomonas 
putida (Patterson et al., 1999; Sota et al., 2006; Tsudo and Lino, 1990).  Located next to orfs 18, 
19,  and  20,  is  the  origin  of  plasmid  transfer  (oriT),  which  affords  pPSX  the  ability  to  be 
mobilised from one cell to another by IncP plasmids such as RP4, suggesting that these three 
genes  are  involved  in  plasmid mobilisation.  Interestingly, orf19,  which  has  homology  to  the 
stbB  gene of other  IncW plasmids,  is also a distant homologue of ParB ATPases. Considering 
the lack of canonical partitioning systems in pR388, the presence of traD and stbB homologues 
gives  credence  to  the  idea  that  orfs 18,  19 and  20  are  involved  in mobilisation  and plasmid 
(Fernández‐López et al., 2006). 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Like orfs 18, 19 and 20, orfs 21, 22 and 23 also form a single cluster. An interesting feature of 
orf23  is  that  it  has  some  homology  with  type  1  modification  DNA  methylases  from 
Burkholderia  pseudomallei  1106a  (Accession  no.  ABN88696).  Type  I  restriction/modification 
systems may act as plasmid addiction systems. Usually such systems encode three proteins. A 
restriction  enzyme,  a modifying  enzyme  such  as  a methylase,  which  protects  the  host  DNA 
from the restriction enzyme; and a specificity protein which determines the genomic sites to 
be  methylated.  Loss  of  the  plasmid  results  in  failure  to  methylate;  unmethylated  DNA  is 
cleaved by the restriction enzyme and the cell dies. Only cells that retain the plasmid survive, 
as  they are  'addicted'  to  carriage of  the plasmid  (Kroll et al.,  2010).    If pPSX encodes  such a 
system then orf21 and orf22 may encode the remainder of this system, that is, the restriction 
endonuclease  and  DNA  specificity.  These  putative  genes  have  no  homology  to  known 
endonucleases or DNA specificity proteins.   
 
4.8 pR388 and pPSX Stability Functions 
 
Addiction  functions  carried by pPSX may provide an explanation  for  the high  stability of  this 
plasmid. Such addiction mechanisms predict that when plasmid free daughter cells segregate 
during  partition,  they  are  killed.  For  pPSX‐vioABCDE,  which  encodes  synthesis  of  the  toxic 
indolocarbazole  antitumour  antibiotic  violacein,  there  is  no  loss  of  stability  and  uniform 
violacein synthesis by all colonies is present, even in the absence of antibiotic selection for the 
plasmis  (Sarovich  and  Pemberton,  2007).  In  contrast,  when  E.  coli  K12  pUC18‐vioABCDE  is 
subcultured in the absence of antibiotic (ampicillin) selection the plasmid is rapidly lost. When 
E.  coli  pUC18‐vioABCDE  is  subcultured  in  the  presence  of  ampicillin,  the  resultant  colonies 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show wide variations  in  the  synthesis of  violacein.  Furthermore,  serial  subculturing of E.  coli 
K12 pUC18‐vioABCDE on ampicillin medium results in colonies that eventually produce little or 
no  violacein  (Pemberton,  unpublished  results).  This  particular  feature  of  pPSX  is  observed 
regardless of which strain of E. coli K12 is used (Ahmetagic and Pemberton, 2010).  
 
If a plasmid encodes both the synthesis of a toxic antibiotic and a strong addiction system, it 
might  be  anticipated  that  plasmids  that  no  longer  produced  the  antibiotic  would  have  a 
selective advantage, however,  this  is not what  is observed. On non‐selective medium, E. coli 
K12  pPSX‐vioABCDE  not  only  shows  absolute  plasmid  stability  but  a  uniform  production  of 
violacein by all colonies. 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4.9 Discussion 
 
pPSX allows the stable cloning and expression not only of the violacein antitumour antibiotic in 
E.  coli  K12  but  as  the  next  chapter  will  show,  a  range  of  genes  including  those  from 
streptomycetes.  Sequencing  of  pPSX  has  narrowed  down  the  number  of  potential  genes 
responsible for the remarkable stability of this plasmid.  
 
However,  exactly  which  plasmid  genes  affect  expression  of  a  range  of  genes  in  E.  coli  K12, 
especially streptomycete genes, remains unclear. Certainly, research by Revilla and co‐workers 
(2008) have defined that the incW backbone, shared by a number of plasmids, is quire stable 
(Revilla  et  al.,  2008).  However,  the  absolute  identification  and  mechanisms  of  this  stability 
have not been completely identified. Initial examination of the data suggest that there are no 
obvious mechanisms by which most of  the genes of  known  function encoded by pPSX could 
have  a  general  effect  on  the  host  cell  transcription  and  translation mechanisms.  This would 
leave  orfs18,  19,  20,  21,  22,  23  plus  orfs35  and  38,  which  might  explain  why  a  number  of 
cloned  streptomycete  genes  are  expressed  in  E.  coli  K12.  DNA  methylases,  such  as  those 
encoded  by  type  I  restriction/modification  systems,  could  disrupt  binding  of  transcription 
factors  and  lead  to  a  general  down  regulation  of  transcription.  When  pPSX‐vioABCDE  is 
introduced  into  E.  coli  K12  it  remains  absolutely  stable  but  violacein  synthesis  is  down 
regulated.    In  contrast,  when  pPSX‐vioABCDE  is  introduced  into  Pseudomonas  stutzeri, 
violacein synthesis occurs at a much higher level and the plasmid is very unstable. In E. coli K12, 
the  observed  plasmid  mediated  down  regulation  could  provide  a  measure  of  protection 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against the synthesis of a toxic substance.  In addition to a general reduction  in transcription, 
the methylation may reduce the specificity of the RNA polymerase and transcription factors for 
particular  promoters.  Ability  to  bind  to  a  broader  range  of  promoters  may  also  favour 
expression  of  plasmid‐encoded  genes  such  as  those  involved  in  replication,  partitioning  and 
conjugation. 
 
As previously stated, orfs 18, 19, 20 are next to the origin of plasmid transfer (oriT) giving pPSX 
the ability to be mobilised from one cell to another by IncP plasmids such as RP4. If the orf18, 
19,  20  cluster  contains  a  helicase  then  this  might  provide  a  transient  opportunity  for  the 
transcription machinery to access promoter sites.  
 
Finally,  orfs  21,  22,  23  appear  to  form  a  single  cluster  which  is  transcribed  in  a  different 
direction  to  orfs18,  19,  20.  In  eukaryotic  systems methylation  of  DNA  can  have  a  profound 
effect  on  gene  expression.  In  bacteria,  plasmid  encoded  methylation  may  have  equally 
profound  effects  on  both  transcription  and  translation  allowing  streptomycete  genes  to  be 
expressed in E. coli K12. 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Results  Displayed  in  Chapter  5  of  this  Thesis  have  been 
published.  Philip, D.S.,  Sarovich, D.S.,  Pemberton,  J.M.  (2008). 
pPSY:  a  vector  for  the  stable  cloning  and  expression  of 
streptomycete  single  gene  phenotypes  in  Escherichia  coli. 
Plasmid 60(1): 53‐8 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5.1 Introduction 
 
Microorganisms  that  live  in  soil  derive much  of  their  carbon  and  energy  for  growth  by  the 
degradation  and  recycling  of  abundant  plant  carbohydrates.  This  is  made  possible  by  the 
production of a range of extracellular enzymes such as cellulases and amylases. Amylases are 
amongst the most varied and abundant extracellular enzymes produced by soil bacteria. Most 
Gram‐negative soil bacteria encode the synthesis of just one or two amylases, for example, the 
Gram‐negative, high G+C soil bacterium Aeromonas hydrophila JMP636 encodes two amylase 
genes, amyA and amyB. Both of these genes have been cloned and are expressed in E. coli K12 
from their own promoters (Gobius and Pemberton, 1988; Kidd and Pemberton, 2002).  
 
In contrast, the Gram‐positive, high G+C, filamentous bacteria: the streptomycetes can encode 
multiple  copies  of  amylase  genes.  A  detailed  examination  of  two  streptomycete  genomes 
revealed  that  the  S.  coelicolor  genome  encodes  seven  amylase  genes  and  the  S.  avermitilis 
genome  has  five  amylase  genes.  As mentioned  previously  (2.11),  one  important  obstacle  to 
heterologous expression of genes particularly in E. coli K12 is the failure of native promoters to 
be recognised by the transcription machinery of the heterologous host. 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The aim of  the  research presented  in  this  chapter was  to  clone a  single  streptomycete gene 
from  the  Gram‐positive  actinomycete  S.  lividans  and  stably  express  this  gene  in  E.  coli  K12 
from its native streptomycete promoter. The gene of choice for this research was amyA, which 
encodes  an  alpha  amylase.  This  gene was  chosen  because  homologs  are widespread  in  the 
actinobacteria and expression of the amylase phenotype is easy to detect using starch plates. 
In  addition,  the  gene  sequence  is  known  and  its  upstream promoters  could  be  isolated  and 
cloned into the single EcoRI site of the newly constructed PCR cloning vector pPSY (Philip et al., 
2008).  Since  there  are  no  inward  facing  active  promoters  either  side  of  the  EcoRI  site,  any 
amylase activity would have to rely on the native promoter(s).  
 
A  preliminary  analysis  of  a  variety  of  streptomycete  amylase  genes  shows  that  they  each 
possess  their own promoters.  In order  to  isolate  the S.  lividans amyA gene and  its upstream 
promoter  region  by  PCR,  a  set  of  PCR  primers  were  designed  using  sequence  data  from  S. 
avermitilis  and  S.  coelicolor  (3.2.11).    Once  the  appropriate  amplicon  was  isolated  (3.2.10), 
pPSY, which  lacks a promoter, was used to achieve expression  in E. coli K12 using the native 
promoter sequences. 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5.2 Analysis of Streptomycete Amylase Genes 
 
The  first  step  in  this  expression  study was  amplification  of  the  gene  via  PCR.  However,  this 
requires a gene sequence.  As previously stated (5.1), the streptomycetes are ideal candidates 
for the cloning and expression of amylase genes. The genomes of S. avermitilis and S. coelicolor 
have been  sequenced  in  their entirety, each containing 5 and 7  copies of  the alpha‐amylase 
genes  respectively.  In  addition,  the  alpha‐amylase  genes  of  numerous  other  Streptomyces 
have been sequenced and uploaded onto public databases such as the NCBI. A nucleotide‐to‐
nucleotide BLAST search (BLASTn) of these various alpha‐amylases reveals that they are highly 
conserved  throughout  the  streptomyces  species  (Figure  5.1).  Using  the  high  conservation 
between different strains of Streptomyces amylases conserved primers were made. 
 
Chapter 5: Cloning and Expression of the Streptomyces lividans Alpha 
Amylase Gene (amyA) Using Native Promoters 
100 
 
 
 
Figure 5.1. Basic Local Alignment Search Tool  (BLAST) Search of Amylase Genes Within  the 
Streptomyces Species. Note the highly conserved nature of these genes, as is evidenced by the 
search hits highlighted in red. 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5.3 Streptomycete Amylase Genes Show Sufficient Homology  for Conserved Primer 
Design 
 
As demonstrated in Figure 5.1, the amylase genes show significant homology at the nucleotide 
level  to  facilitate  the design of conserved primers. Using  the mathematical  software Primer3 
(3.2.11),  a  primer  pair  was  designed  to  include  the  translational  start  region  as  well  as  the 
putative upstream promoter  region.  The  specificity of  the primers was  verified  via  a BLASTn 
search using the primer pair as probes (data not presented). The following primers were used 
to amplify amyA from S. lividans:  
 
amyA5’ (5’‐AGGGGTTGACCGTGGTTGAAG‐3’) 
amyA3’ (5’‐GTCGTCCTTGCGGAGGTACTTG‐3’) 
 
5.4 The amyA Primer Pair Successfully Amplifies  the Amylase gene  from S.  lividans 
Genomic DNA 
 
The  amyA  primer  pair  was  tested  using  freshly  extracted  S.  lividans  genomic  DNA  (gDNA) 
(3.2.17.b) and a  thermo‐cycling protocol  following a  two‐step procedure as outlined  in  table 
5.1 (3.2.10): 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Table 5.1: PCR Thermocycling Protocol for amyA 
Cycles  Step  Time  Temperature 
1  Initial Denaturation   5 min  98oC 
Denaturation  30 sec  98oC 35 
Annealing and Extension  90 sec  72oC 
1  Final extension  6 min  72oC 
 
The PCR product was verified via agarose gel electrophoresis using lambda DNA, digested with 
HindIII,  as  a  comparison  ladder  (3.2.4,  3.2.6).  The  approximately  1800  bp  amplicon  was  A‐
tailed and  ligated  into pGEM®‐T‐Easy as per manufacturer’s  instructions  (3.2.12, 3.2.13). The 
subsequent  plasmid  construct  was  transformed  into  E.  coli  K12  DH5α  with  transformants 
selected for on PYE agar supplemented with Ap, IPTG and X‐gal (3.2.9). This resulted in thirty 
colonies  presenting  the white  phenotype,  confirming  an  insert  in  the  pGEM‐T  construct.  To 
verify the presence of the amyA amplicon, ten of the thirty colonies were re‐streaked onto PYE 
agar  containing  Ap  and  starch  (3.1.3.d).    Amylase  positive  clones  underwent  plasmid  DNA 
extraction  and  were  digested  with  EcoRI  (3.2.7.a).  Presence  of  the  appropriate  band  was 
visually  confirmed  via  gel  electrophoresis  (data  not  shown).  Further  verification  of  both  the 
specificity of the primer pair and the amyA gene was carried via repetition of the above PCR 
using positive clones as the template. The resulting PCR products were visualised by agarose 
gel  electrophoresis  (data  not  shown).  All  ten  clones  exhibited  amplification  of  an  amplicon 
approximately 1800bp in size indicating the presence of amyA. One plasmid, presenting both 
the correct banding pattern and a positive PCR result was designated pGEM‐TamyA and was 
retained for further study. 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5.5 Cloning of the Amylase Gene, amyA, from S. lividans gDNA into pPSY 
 
In accordance with one of the overarching themes of this project, it was of interest to express 
Gram‐positive,  streptomycete  DNA  using  the  highly  stable  vectors  pPSX  and  pPSY.  As  such, 
following  the  amplification  of  amyA  and  successful  cloning  into  pGEM®‐T‐Easy;  it  was 
necessary  to sub‐clone the gene  into pPSY. To execute this,  the amyA gene was  first excised 
from pGEM‐T‐amyA using an EcoRI  restriction digest  (3.2.7.a). The subsequent digestion was 
visualised on an agarose gel prior to its ligation into pPSY, which had been previously linearised 
by restriction digestion with EcoRI (3.2.7.a). The ligation mixture was then transformed into E. 
coli K12 DH5α with transformants selected  for by plating on PYE agar supplemented with Tp 
(50 µg/mL).  
 
Initially,  forty  transformants  were  recovered  from  this  experiment.  To  determine  which  of 
these still carried the pGEM®‐T‐Easy vector, the forty transformants were replica plated onto 
individual PYE agar plates containing either Ap or Tp. Of the initial forty transformants, thirty‐
two were  Ap  sensitive  (Aps)  and  Tp  resistant  (Tpr),  indicating  the  presence  of  pPSY  and  the 
absence of pGEM. However, eight transformants exhibited both Apr and Tpr.   This phenotype 
suggested  that  these  strains  carried  a  fusion  of  both  plasmids  into  a  single  entity  or  co‐
transformation  of  two  separate  plasmids.  Since  the  pPS  vectors  (pPSY  and  pPSX),  are  highly 
stable  and  pGEM®‐T‐Easy  is  highly  unstable,  the  stability  of  the AprTpr  strains. Were  tested. 
The eight transformants were grown on non‐selective media for 48 hours, with sampling taken 
every 24 hours, to evaluate the ability of the transformants to maintain the Apr/Tpr phenotype. 
If  pGEM®‐T‐Easy  is  indeed  a  co‐transformant,  the  Apr  should  be  lost.  However,  all  eight 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transformants  were  stable  and  maintained  the  Apr/Tpr  phenotype,  indicating  the  fusion  of 
both vectors to form a co‐integrate. The presence of a single, large plasmid was confirmed by 
gel electrophoresis.  
 
Of more  importance was the determination that  the Ap
s
 Tp
r
 clones were  in  fact pPSY‐amyA. 
Plasmid DNA was extracted from 10 of the 32 Ap
s
 Tp
r
 amylolytic strains. When the uncut DNA 
was run on a gel the band was the correct size for the supercoiled form of pPSY‐amyA (Figure 
5.1  Lane 2).    In addition,  the 10 plasmid  samples were  screened by PCR  for  the presence of 
amyA using the amyA primer pair  (3.2.10). All  ten clones gave the correct sized PCR product 
(1787 bp).    The amplification product  is  shown  in  Lane 3  Figure 5.2.   One of  the  clones was 
retained for further study and designated pPSY‐amyA. 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Lane 1                      Lane 2                     Lane 3 
Figure  5.2.  The  presence  of  amyA  in  pPSY‐amyA, was  confirmed  by  PCR.  Lane  1,  λ HindIII 
marker; Lane 2, pPSY‐amyA DNA uncut; Lane 3, amyA amplified by PCR from from pPSY‐amyA 
using amyA specific primers. 
 
5.6 The S. lividans amyA gene is Expressed in E. coli K12 from its Native Promoter 
 
The various E.  coli K12 strains encoding AmyA synthesis were patched onto a PYE agar plate 
supplemented with 500µg/ml of potato starch and incubated at 35°C for 2 days before staining 
with Burke's Iodine. Of particular  interest were the seemingly equal secretion levels of AmyA 
between the various strains, regardless of the copy number of the plasmid (Figure 5.3). Despite 
the differences in copy number between pGEM‐T‐Easy (300‐700) (Promega) and pPSY (5‐20), E. 
coli K12 DH5α pGEM‐T‐amyA, E. coli K12 DH5α pPSY‐amyA and E. coli K12 DH5α pPSY‐pGEM‐T‐
amyA  show  approximately  the  same  amount  starch  hydrolysis.    E.  coli  K12  DH5α  pGEM‐T 
23130 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6557 
 
4361 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amyA was grown overnight (ca 15 generations) in PYE broth without antibiotic selection. This 
culture was streaked on a PYE agar plate and incubated overnight at 35oC to produce individual 
colonies. When 100 colonies were tested for starch hydrolysis (AmyA) and ampicillin resistance 
(pGEM‐T‐easy marker), all tested negative for both characteristics. This extreme instability of E. 
coli K12 DH5α pGEM‐T amyA on non‐selective media greatly diminishes its ability to synthesise 
AmyA (Figure 5.3). 
 
Figure 5.3. Expression of a Streptomycete Amylase gene (amyA) in Escherichia coli K12 using 
pGEM®‐T‐Easy and pPSY. A,   E. coli K12 DH5α pPSY‐amyA colony 1; B,  E. coli K12 DH5α; C, E. 
coli K12 DH5α pPSY‐pGEM‐T‐amyA  colony 2; D, E. coli K12 DH5α pGEM‐TamyA. Strains were 
patched  onto  non‐selective  PYE  agar  containing  500 µg  /ml  soluble  potato  starch  (Sigma, 
Australia). The plate was incubated at 35oC for 5 days and stained with Burke’s iodine solution 
prior to being photographed. 
 
While  the  expression  of  amyA  cloned  into  pGEM  may  be  driven  by  the  Lac  promoter 
associated with the MCS, pPSY  lacks promoters upstream and downstream of  the EcoR1 site 
(Figure  5.4).  In  the  case  of  E.  coli  K12  DH5a  pPSY‐amyA  expression  of  the  streptomycete 
amylase gene must be driven by native streptromycete promoters. Any genes cloned into the 
A  B 
C  D 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EcoRI site of pPSY (Figure 5.4) and expressed in E. coli K12 must be expressed from their native 
promoters. This is the first report of the stable cloning and expression of a streptomycete gene 
from  its  native  promoter(s)  in E.coli  K12.  This  result  suggests  that  a  range of  streptomycete 
genes  and  gene  clusters may  be  stably  cloned  and  expressed  in E.  coli  K12  from  the  native 
streptomycete promoters using either pPSX or pPSY.                 
 
5.7 Sequencing of the S. lividans amyA gene and its promoter region. 
 
In order to sequence the amplified insert, pGEM‐T‐amyA was extracted using a mini‐prep kit as 
per  manufacturer’s  instructions  (3.2.3.b).  To  ensure  high  fidelity,  an  extra  wash  and 
centrifugation step was incorporated into the original protocol.  Sequencing was performed by 
the Australian Genome Research  Facility  (AGRF).  Sequencing of  pGEM‐T‐amyA  revealed  that 
the  primers  had  amplified  a  region  of  1787  bp  (Genebank  accession  no.  EU352611).  BLAST 
analysis  showed  that  there  was  an  ORF  of  1524  bp  which  encoded  a  hypothetical  protein 
containing  508  amino  acids,  with  very  high  homology  (>90%)  to  known  α‐amylases  from  a 
variety of streptomycetes  including S. avermitilis, S. coelicolor and S. gresius.  In addition,  the 
amplicon included a predicted N‐terminus signal sequence of 29‐30 amino acids, characteristic 
of secreted proteins, including amylases. 
 
The amyA  amplicon contained 151 bp of DNA upstream  from the  start  codon. Regardless of 
the  insert  orientation,  in  relation  to  the  lac  promoter  of  pGEM®‐T‐Easy, amyA  was  strongly 
expressed as determined by amylase activity on starch medium supplemented with ampicillin.  
These results suggest that the 151 bp region upstream of amyA contains a promoter(s), which 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is  active  in E.  coli K12.  This was  confirmed with  the  cloning  and  expression  of  recA  in  pPSY 
which lacks a promoter of its own (Sarovich, personal communication).  
 
5.8 pPSY Retains Stability Functions Whilst Harbouring Gram‐positive gDNA 
 
Of additional interest was to determine if pPSY still retained its high stability with encoding and 
expressing the S.lividans amyA gene. When amyA was excised from pGEM‐T‐amyA using EcoRI 
and cloned into the single EcoRI site of pPSY, the resulting plasmid was highly stable showing 
no detectable  loss (<%1) after 100 generations of growth in non‐selective media.  In contrast, 
pGEM‐T‐amyA was  lost  at  high  frequency, where  less  than  1% of  cells  retained  the  plasmid 
after 100 generations. 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5.9 Discussion 
 
For more than 25 years pUC18 and pGEM have been used for cloning and expression of genes 
in  E.  coli  K12.  These  vectors  may  be  suitable  for  the  cloning  of  some  bacterial  genes  but 
despite this the plasmids are inherently unstable more so when they encode the synthesis of 
toxic molecules. Experiments involving the heterologous expression of streptomycete genes in 
E.  coli  K12  have  been  difficult  in  the  past.  In  most  of  these  experiments  pUC18  or  its 
derivatives have been used. One of the major reasons given for this  lack of expression  is the 
failure  of  streptomycete  promoters  to  be  recognised  by  the  E.  coli  K12  the  transcription 
machinery.  However,  the  published  research  presented  in  this  chapter  (Philip  et  al.,  2008) 
clearly demonstrates that streptomycete promoters do work in E. coli K12 and streptomycete 
gene  expression  is  greatly  reduced  by  the  instability  of  the  cloning  vector,  not  the 
incompatibility of the streptomycete promoters. A consequence of these findings is that many 
streptomycete  promoters  may  allow  expression  of  streptomycete  genes  in  E.  coli  K12,  in 
particular genes and gene clusters encoding the synthesis of chemotherapeutic agents such as 
antibiotics.  
 
In  an  initial  attempt  to  identify  and  characterise  streptomycete  promoters,  a  study  of 
streptomycete  promoters  by  Bourn  and  Babb  (1995)  identified  eight  classes  (A‐H)  of 
promoters.  Some  of  the  classes  were  divided  into  subclasses  and  a  substantial  number  of 
promoters remained unclassified. Among the upstream regions examined in this study, there 
were  at  least  three  amylase  gene  promoters.  All  three  of  these  fell  into  Class  C,  which  is 
represented by a strongly conserved (TTGAC) ‐35 region and a much less conserved ‐10 region 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(Table 5.2). An examination of the 151bp upstream region of the S.lividans amyA gene used in 
this study identified a Class C promoter (Table 5.2). 
 
Table 5.2. Class C Promoters Associated with Streptomycete Amylase Genes  
Promoter   Promoter Sequence 
amy‐P1  TCTTGCAGAAAGCCTTGACGCTGCTAACGACATGAACGGCAAGCTCCGGTA 
amy‐P  TCATGTCCAGAGTATTGACCGCCCGCAACGGCGCTCGTACGGTCGGC 
amlV‐P  GGCGTCCGGAGGGTTGACCGGCGGTCGGGGCACTCGTACGGTCACGGCTGA
A 
amyA S. lividans 
(This study) 
CGTGTCCAAAGGGTTGACCGCGGGTACCGCTCGCWTACGGTCTGCTTCGC 
 
The combination of  functional streptomycete promoters and a stable vector provided strong 
expression  of  the  S.  lividans  amyA  gene  in  E.  coli  K12,  a  feat  that  could  be  deemed  rare 
considering  the  divergent  nature  of  streptomycete  promoters  in  comparison  to  their  E.  coli 
K12  counterparts  (Strohl,  1992).    Expression  levels,  driven  by  the  native  promoter  in  pPSY‐
amyA, were of equal to that obtained using pGEM‐T‐amyA, which has a plasmid copy number 
nearly 100 times larger than pPSY. 
 
Chapter 6: Cloning and Expression of a Catabolic Gene Cluster From 
Lechevalieria aerocolonigenes 
111 
 
 
 
 
 
 
 
 
 
 
CHAPTER 6: CLONING AND EXPRESSION OF A CATABOLIC 
GENE CLUSTER FROM Lechevalieria aerocolonigenes 
Chapter 6: Cloning and Expression of a Catabolic Gene Cluster From 
Lechevalieria aerocolonigenes 
112 
 
 
6.1 Introduction 
 
For  more  than  100  years  the  chemical  industry  has  produced  a  wide  range  of  synthetic 
molecules for use in medicine, industry and agriculture. These molecules are widely distributed, 
structurally complex and poorly degradable. They are often overused and disposed of poorly, 
which can lead to downstream accumulation in vital environmental niches.  As a result, natural 
resources are polluted causing a wide variety of cancers and other life threatening diseases. In 
some cases, this can even pressure a species into extinction. 
 
The majority of synthetic and semi synthetic compounds in current use often begin with basic 
compounds  that  are  readily  available. Many  of  these  base  compounds  can  also  be  found  in 
nature as constituents of complex organic materials. Crude oil, lignin, flavonoids, phenolics and 
tannins  are  examples  of  naturally  occurring  compounds  often  used  in  synthetic  reactions 
(Fuchs,  2008).  In  nature,  a  variety  of microorganisms  are  able  to  degrade  these  compounds 
into  harmless  endproducts.  Quite  often  this  is  vital  to  natures  equilibrium  and  includes 
processes  such  as  the  nitrogen,  carbon  and  chlorine  cycles  (Pemberton  and  Schmidt,  2006; 
Field and Sierra‐Alvarez, 2008; Fuchs, 2008). Therefore, when these compounds are converted 
into  toxic,  man‐made  molecules,  many  microorganisms  have  the  potential  to  degrade  and 
recycle them into harmless end products. In such cases, this degradation is carried out almost 
exclusively by bacteria (Pemberton and Schmidt, 2006). 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The aim of  this  chapter was  to detect  the presence of  streptomycete gene clusters  in which 
one or more of the genes were expressed in E. coli K12. 
The first identification, isolation and characterisation of genes responsible for the degradation 
and recycling of a man‐made molecule was made by Pemberton and Fisher in 1977. The man‐
made  molecule  in  question  was  the  widely  used,  synthetic  organochlorine  herbicide  2,4‐
dichlorophenoxyacetic acid (2,4‐D). 2,4‐D is a synthetic auxin belonging to the chlorophenoxy 
family  of  herbicides.  Since  its  initial  synthesis  in  1946,  2,4‐D  has  become  the  most  widely 
distributed herbicide on the planet. However, research has given rise to concerns that overuse 
may  have  deleterious  consequences  to  human  health  and  the  environment  (Teixeira  et  al., 
2007).   The catabolic genes  required  for 2,4‐D degradation occur  in clusters on a broad host 
range plasmid (pJP1), a broad host range plasmid present in the Gram‐negative soil bacterium 
Ralstonia eutropha JMP116.  
 
Much  of  the  current  understanding  of  the molecular  basis  of  the  bacterial  degradation  and 
recycling of man made environmental pollutants comes from studies involving Gram‐negative 
bacteria,  such  as R.  eutropha  and P.  putida.  However, many Gram‐positive  soil  bacteria  are 
now  known  to  have  considerable  catabolic  potential  (Pemberton  and  Schmidt,  2006;  Perez‐
Pantoja et al., 2008). Gram‐positive Streptomycetes are capable of degrading and recycling a 
range of extremely complex environmental pollutants such as polychlorinated phenols. 
 
 Pentachlorophenol (PCP) is a major pollutant produced in large quantities by paper pulp mills 
during  their  bleaching  process. While  PCP  is  a  xenobiotic  only  recently  introduced  into  the 
environment,  an  isolate  of  Sphingnobium  chlorphoenolicum  is  capable  of  its  complete 
catabolism (Cai and Xun, 2002). The PCP catabolic pathway is encoded in at least seven genes 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with pcpABCDE encoding the catabolic enzymes while pcpR and pcpM are pathway regulators 
(Cai  and  Xun,  2002;  Dai  et  al.,  2003).  The  first  step  involves  the  oxidation  of  PCP  to 
tetrachlorobenzoquinone  (TeCB) by PCP 4‐monooxygenase, which  is  the product of  the gene 
pcpB.  Null  mutants  of  pcpB  completely  abolish  PCP  degradation  indicating  that  PCP  4‐
monooxygenase is an essential enzyme in the PCP degradation pathway (Figure 6.1). 
 
 
Figure  6.1.  The  First  Step  in  the  Pentachlorophenol  Degradation  Pathway.  Note  the 
conversion of PCP to TeCB by PcpB (adapted from Cai and Xun, 2002). PCP, pentachlorophenol; 
TeCB, tetrachlorobenzoquinone. 
 
The  gene  cluster  encoding  the  anti‐tumour  antibiotic  violacein  was  cloned  and  stably 
expressed  in  E.coli  12  using  pPSX  (Sarovich  and  Pemberton,  2007).    Similarly,  pPSY  allowed 
stable  cloning  and  expression  of  single  streptomycete  genes  in E.  coli  K12  from  their  native 
promoters (Philip, Sarovich and Pemberton, 2009; Chapter 5). The next step was to determine 
if  streptomycete  gene  clusters  might  be  expressed  in  E.  coli  K12.  The  size  of  such  clusters 
required the construction of a pPSX cosmid clone bank. 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6.2 Construction of an L. aerocolonigenes Cosmid Clone Bank 
 
Previous  research  resulted  in  the  construction of  two novel  cloning  vectors,  pPSX  and pPSY, 
able to stably express heterologous DNA in E. coli K12 (Sarovich and Pemberton, 2007; Philip et 
al., 2008). Whilst single gene phenotypes of Streptomyces have been tested using pPS‐based 
vectors  (Chapter  5)  to  date, more  complex  phenotypes  from higher G+C organisms,  such  as 
streptomycetes,  have  yet  to  be  expressed.  To  facilitate  this,  a  cosmid  clone  bank  was 
constructed  using  a  partial  sau3A1  digest  of  genomic  DNA  from  L.  aerocolonigenes  and  the 
newly  developed  vector  pPSX  (Sarovich,  personal  communication)  (3.2.7.b,  3.2.18).  L. 
aerocolonigenes is related to a range of streptomycetes including S. avermitilis and S.coelicolor. 
This  bacterium  was  chosen  for  this  study  because  it  possesses  a  chemotherapeutic  gene 
cluster  encoding  the  synthesis  of  the  indolocarbazole  antitumour  antibiotic  Rebeccamycin 
which  is  expressed  in  E.coli  K12.  Although  the  L.  aerocolonigenes  genome  has  not  been 
sequenced, it is anticipated that it will contain a large number of gene clusters devoted to the 
synthesis  of  chemotherapeutic  agents  such  as  antibiotics  and  the  degradation  of  a  range  of 
complex aromatic molecules. The pPSX cosmid clone bank used in this study consisted of 600‐
700 clones and was constructed by Dr D. Sarovich (personal communication). The clone bank 
was  designated  L.  aerocolonigenes  Clone  Bank  (LACB)  and  individual  cosmid  clones  were 
designated LACB1, LACB2 etc. 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6.3 Development of Simple Screening Methods 
 
A  major  task  in  any  “genomic‐mining”  study  is  the  application  and  efficiency  of  screening 
methods. Current  trends have utilised  culture  independent methods  that  locate  the  gene of 
interest  and  subsequently  develop  a  suitable  screening  method  to  match  the  phenotype. 
Other technologies, such as microarray analysis, can provide information about the expression 
of  the genes but do  little  to  analyze  the actual  function. An alternative option  is  to develop 
broader  screening  methods  that  are  able  to  identify  secondary  metabolite  phenotypes  in 
cosmid clone banks. To this end, a new diagnostic medium, Philip Methylene Blue Salt (PMBS) 
agar, was developed (3.1.3.e). 
 
PMBS media contains  two vital  components:  sodium chloride  (NaCl) and  the oxido‐reductive 
dye Methylene Blue  (MB). The standard  formulation of PYE agar contains a  small amount of 
NaCl (0.5% w/w). PMBS on the other hand contains 4% v/w NaCl. The addition of such a high 
concentration of  salt  serves an  important purpose. High concentrations of  salt are known to 
severely  affect  the  internal  equilibrium  of  E.  coli  K12,  a  phenomenon  termed  plasmolysis 
(Record et al.,  1998).  This  is particularly  important,  as during  this process E.  coli  K12 utilises 
two methods to achieve equal osmolarity between the external environment and  its  internal 
cell  environment.  Initially,  E.  coli  K12  undergoes  an  efflux/influx  of  water  from/into  the 
cytoplasm  of  growing  cells,  a  passive  response  that  allows  the  cell  to maintain  its  integrity 
during  the  growth  phase  (Stein,  2000).  During  the  lag  phase  however,  this  equilibrium  is 
maintained through the active biosynthesis of osmoprotectants, which in turn, returns the cell 
back to its growth phase (Record et al., 1998). The addition of high concentrations of salt also 
affects  the  permeability  of  the  cell  via  partial  degradation  of  the  cell  wall.  This  results  in  a 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culture of E. coli K12 that may be able to release enzymes or uptake molecules that previously 
it could not (Record et al., 1998; Hajmeer et al., 2006). The addition of Mb in combination with 
NaCl would act as a simple indicator. Methylene Blue is a redox indicator, which might allow it 
to detect the activity of certain oxygenases. 
 
6.4 PMBS Agar Identifies Cosmid Clones That Absorb/Oxidise Methylene Blue 
 
PMBS agar is PYE agar containing 4% NaCl and 50µg/mL methylene blue. The LACB clone bank 
was serially diluted in saline (10
0
. 10
‐2
, 10
‐4
 10
‐6
) and 0.1 ml of each dilution spread on PMBS 
agar plates. The plates were incubated at 35
o
C for 36‐48 hr. While most colonies on the PMBS 
plates were light blue, a small proportion (1‐2%) were intense blue (Fig 6.2). This intense blue 
color was  due  to  either  strong  oxidation  and/or  absorption  of  the methylene  blue.    One  of 
these colonies, designated LACB1, was retained for further study.    
Chapter 6: Cloning and Expression of a Catabolic Gene Cluster From 
Lechevalieria aerocolonigenes 
118 
 
 
 
Figure 6.2. LACB Colonies on PMBS Agar. Note the intense blue colony in the left hand corner 
of  the  photograph.  This  colony was  subcultured,  designated  LACB1  and  retained  for  further 
study. 
 
6.5 PMBS and a Catabolic Gene Cluster 
 
pLACB1 DNA was digested with a  range of 4  and 6 base  cutter enzymes and  subcloned  into 
pUC18  (enzymes  included  BamH1,  EcoR1, HindIII  and  Sau3A1  (3.2.7)).Subsequent  sequence 
analysis revealed the presence of a series of catabolic genes whichincluded: 
• pentachlorophenol‐4‐monooxygenase (pcpB)(accession: GQ396707); 
• ethD involved in the degradation of ethyl tert butyl ether; 
• arsR a regulator of arsenate degradation; 
• acetoin dehydrogenase; 
• a cytochrome P450; 
pLACB1 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• a manganese transporter; 
• an ABC transporter/permease involved in resistance to organic solvents. 
In this instance the PMBS media has identified a putative catabolic gene cluster.  
 
6.6 The pcpB gene of L. aerocolonigenes Encodes Pentachlorophenol Resistance and 
is Expressed in a Variety of Gram‐negative Bacteria Including E. coli K12. 
 
Pentachlorophenol  is  both  a  major  pollutant  generated  by  paper  pulp  mills  and  a  wood 
preservative  used  as  a  biocide  against  fungi  and  bacteria  (valo et  al.,  1984).  Because  PCP  is 
bacteriocidal,  many  soil  bacteria  including  those  that  can  completely  degrade  it,  carry 
resistance genes. Therefore, oxidation/hyroxylation of this chlorinated phenol could reduce its 
toxicity. However, most of the pLACB1 genes identified had the potential to confer resistance 
to PCP (PCP‐4‐monooxygenase, a cytochrome P450, a dehalogenase and a cellular pump (ABC 
transporter/permease). 
 
To determine if pLACB1 1) encodes PCP resistance and 2) this resistance can be expressed in a 
range of heterologous hosts, this cosmid was extracted from E. coli K12 LE392 Smr pLACB1 and 
electroporated  into  Ralstonia  eutropha  JMP228  and  Pseudomonas  stutzeri  JMP783  using 
techniques previously described (Sarovich and Pemberton,2007; Philip et al., 2008 and 2009). 
E.  coli  K12  LE392  SmrpPSX/E.  coli  K12  LE392  K12  Smr  LACB1,  R.  eutropha  JMP228  pPSX/R. 
eutropha JMP228 LACB1 and P. stutzeri JMP783 pPSX/P. stutzeri JMP783 pLACB1 were patched 
onto PYE agar plates containing varying levels (5, 10, 20, 30, 40, 50, 75 and 100 µg /ml) of PCP. 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The  plates  were  incubated  at  35oC  for  3  days.  The  results  (Table  6.1)  demonstrated  that 
pLACB1  conferred  PCP  resistance  on  E.  coli  K12  LE392,  P.  stutzeri  JMP783  and  R.  eutropha 
JMP228. 
Table 6.1: The pPSX Cosmid Clone pLACB1 Containing L. aerocolonigenes DNA Confers PCP 
Resistance on a Range of Gram‐negative bacteria 
Bacterial Strains  Growth on PYE agar plates containing pentachlorophenol  
(µg /ml)1 
  5  10  20  30  40  50  75  100 
E. coli K12 LE392  pPSX   +  +  +  ‐  ‐  ‐  ‐  ‐ 
E. coli K12 LE392  pLACB1  +  +  +  +  +  +  ‐  ‐ 
P. stutzeri JMP783  pPSX      +  +  +  ‐  ‐  ‐  ‐  ‐ 
P. stutzeri JMP783 pLACB1  +  +  +  +  +  +  +  ‐ 
R. eutropha JMP228 pPSX     +  ‐  ‐  ‐  ‐  ‐  ‐  ‐ 
R. eutropha JMP228 pLACB1   +  +  +  ‐  ‐  ‐  ‐  ‐ 
1+/‐ Growth/No Growth 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6.7 Cloning, Sequencing and Expression of the Actinomycete pcpB Gene in E. coli K12 
DH5α 
 
To  sequence  the  pcpB  gene,  LACB1  was  digested  with  the  same  sau3A  digest  protocol 
previously used  (4.3),  ligated  into pUC18 and  transformed  into E.  coli  K12 DH5α. During  the 
subcloning  of  pLACB1,  a  single  clone was  isolated which  encoded  the  pcpB  gene.  The  pcpB 
gene was sequenced and the sequence deposited in the NCBI database (Accession: GQ396707). 
Analysis of the L. aerocolonigenes pcpB sequence showed that the PcpB protein has extensive 
homology with  PcpB  proteins  encoded  by  a  wide  range  of  actinobacteria.  The most  closely 
related  homologs  were  the  pentachlororophenol‐4‐monooxygenase  of  Mycobacterium 
smegmatis  MC2155  (44%  identity)  and  the  putative  oxygenase  from  Streptomyces  scabiei 
87.22  (44%  identity)  (Figure 6.3). Both E. coli K12 DH5α pUC18 and E. coli K12 DH5α pUC18‐
pcpB grew on PYE agar containing 20 µg /mL PCP; however only E. coli K12 DH5α pUC18‐pcpB 
grew on PYE agar containing 50 µg /ml PCP. 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Figure  6.3.  BLASTX  Alignment  of  pcpB.  A  BLASTX  query  using  the  coding  sequence  of pcpB 
isolated  from L. aerocolonigenes. Note  the high homology across a number of Gram‐positive 
organisms. 
 
In  addition, when  these  two  strains were  subcultured  onto  PMBS medium  containing  50 µg 
/ml  ampicillin,  only  DH5α  pUC18‐pcpB  showed  the  intense  blue  phenotype  which  had 
originally  identified  E.  coli  K12  LE392  Smr  pLACB1.  Clearly  the  L.  aerocolonigenes 
pentachlorophenol‐4‐monooxygenase (pcpB) gene is expressed in E. coli K12 DH5α and confers 
both resistance to the biocide PCP and the intense blue phenotype (Figure 6.4). Interestingly, 
after 3 days of growth, the E. coli K12 DH5α pUC18‐pcpB subclone appeared to produce a blue 
halo  (Figure  6.4).  Evidence  from  the  literature  suggests  that  PcpB  is  a  soluble  enzyme  and 
resides  in  the  periplasm.  One  possible  explanation  for  the  halo  is  that  is  that  PcpB  was 
excreted  from E.coli  K12 and oxidised methylene blue  in  the medium surrounding  the patch  
(Wang et al., 2002). 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Figure 6.4. Expression of pcpB  in E. coli K12. A. E. coli K12 DH5α pUC18; B. E. coli K12 DH5α 
pUC18‐pcpB.  Colonies  were  patched  onto  PMBS  agar  containing  150  µg/ml  of  PCP  and 
incubated at 35oC for 3 days. 
A  B 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6.8 Discussion 
 
Experimental  data  presented  in  this  chapter  demonstrates  the  use  of  a  simple  medium  in 
order to functionally reveal a catabolic gene cluster. The agar‐based medium, PMBS, contains 
two components that are pivotal in gaining this result. The first of these, Methylene Blue (MB), 
is often used as redox indicator in a range of biological and chemical applications. The second 
component, NaCl was used in high concentrations in order to change the internal fluid balance 
within E. coli K12. In effect, this induces a state of plasmolysis, consequently faciliting a more 
efficient  uptake  ofMb  (Record  et  al.,  1998).  Evidence  of  the  success  of  PMBS  was  then 
provided through the sequencing of pLACB1, detailing a number of catabolic genes situated in 
a cluster. Of all the genes identified in this cluster, two genes should be noted: a cytochrome 
p450  monooxygenase  and  pcpB,  which  are  both  known  contributors  to  the  degradation  of 
pentachlorophenol  (Uotila et al., 2004; Crawford et al., 2007). Related groups of oxygenases 
not only enable the catabolism of complex aromatic molecules but also the synthesis of many 
antibiotics. Strong oxidation and/or binding of the methylene blue in PMBS medium by these 
oxygenases may provide a simple method to pinpoint pPSX cosmid clones which encode and 
express either catabolic or chemotherapeutic gene clusters.  
 
Results presented in this section of the thesis demonstrate that a second streptomycete gene, 
pcpB, was cloned and stably expressed in E. coli K12. This gene encoded a pentachlorophenol‐
4‐monooxygenase and conferred PCP resistance on E. coli K12 and two other Gram‐negative 
bacteria P. stutzeri and R. eutropha. The development of a simple diagnostic medium, PMBS, 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allowed  easy  detection  of  the  PcpB  oxygenase  activity.  Sequencing  revealed  that  pcpB  was 
part  of  a  larger  streptomycete  catabolic  gene  cluster.  Since  oxygenase  genes  occur  in many 
streptomycete  catabolic  and  antibiotic  gene  clusters,  PMBS  medium  may  provide  a  simple 
detection test for such clusters.  Interestingly, the streptomycete pcpB gene was expressed in 
other Gram‐negative bacteria. This suggests that if some streptomycete gene clusters are not 
expressed  in  E.  coli  K12,  they  could  be  transferred  to  other  genetically  amenable  hosts  for 
expression. 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7.1 Introduction 
 
Ongoing bacterial genome sequencing projects are producing an ever‐increasing catalogue of 
DNA sequences. For a majority of  these genes bioinformatic analysis may  indicate a possible 
function,  however;  there  is  a  cohort  of  genes  whose  function  remains  unknown.  In  both 
instances,  functional  analysis  is  required  to  confirm  or  discover  the  exact  nature  of  these 
functions.  Of  particular  interest  are  multiple  gene  phenotypes  such  as  photosynthesis, 
antibiotic synthesis and the degradation and recycling of man made molecules. These complex 
phenotypes,  as  outlined  in  the  literature  review,  often  yield  products  that  find  a  place  in 
modern biotechnology and industry. 
 
To  capitalise  on  the  potential  gains  from  multi‐gene  expression,  it  is  important  to  have  a 
scientific “toolkit” equipped with the nessecary elements to achieve functional expression. As 
is often the case, functional expression of heterologous genes presents a number of problems 
and each gene cluster often presents its own set of issues. Thus far, this body of work has dealt 
with  vectors  for  expression  (pPSY  and  pPSX)  and  media  that  may  aid  in  catabolic  gene 
pinpointing  (PMBS). However, an  important asset  to any  functional expression experiment  is 
the availability of flexible heterologous hosts capable of multi‐gene expression. 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Quite  often,  functionally  related  genes  occur  in  clusters  within  bacterial  genomes  greatly 
facilitating  their  cloning,  sequencing  and  functional  analysis. While  the heterologous  host  of 
choice to clone sequence and functionally analyse these  large clusters of  functionally related 
genes  is E.  coli K12,  in  some  instances  this  host may  not  express  the  phenotype.  There  are 
many  reasons why  genes  are  not  expressed  in E.  coli K12.  These  include  lack  of  precursors, 
differences  in codon usage, the use of rare codons,  lack of suitable cofactors or transcription 
factors to name but a few (2.11). One alternative is to transfer the gene clusters to a range of 
genetically  amenable  hosts  to  gain  expression.  Screening  for  expression  in  a  range  of 
alternative hosts is greatly facilitated if the gene cluster encodes coloured compounds, such as 
violacein and the carotenoids. 
 
Violacein  is  an  intensely  purple‐pigmented,  antitumour  antibiotic  encoded  by  the  Gram‐
negative  soil  bacterium  C.  violaceum.  The  violacein  gene  cluster  was  the  first  antitumour 
antibiotic biosynthetic gene cluster to be cloned and expressed in E. coli K12 (Pemberton et al., 
1991).  The  violacein  cluster  consists  of  five  genes  (vioABCDE).  VioB,  is  the  indolocarbazole 
synthase (ICS), which synthesises the indolocarbazole core by condensation of two tryptophan 
molecules.    VioA,  C  and  D  are  monooxygenases,  which modify  this  core  by  oxygenation  or 
hydroxylation to produce the end‐product violacein (August et al., 2000). The exact function of 
VioE  remains unknown although  it  is  thought  to perhaps play  a  role  in  the 1→2  shift  of  the 
indole  ring.  To date, many  indolocarbazoles  studies have  focused on  the  ICS,  observing  that 
most  indolocarbazole  gene  clusters,  the  majority  of  which  occur  in  sreptomycetes,  contain 
homologues  of  VioB  (Kimet  al.,  2007;  Sánchez  et  al.,  2006).  The  cloning,  expression  and 
functional analysis of  the violacein gene cluster  (Pemberton et al., 1991; August et al., 2000) 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was  followed  by  elucidation  of  the  pathways  which  synthesise  other  well  known 
indolocarbazoles such as rebeccamycin and staurosporine (Omura et al., 1977; Sánchez et al., 
2002). 
 
Carotenoids  are  biological  pigments  responsible  for  80‐90%  of  the  yellow  orange  and  red 
colours in nature. They are synthesised primarily by plants and bacteria. Very few animals can 
synthesise  carotenoids  and most  obtain  them  from  their  diets.  Carotenoids  are  biologically 
active molecules that provide protection against photo‐oxidative damage as well as acting as 
secondary light harvesting pigments in photosynthesis (Raisig and Sandmann 2001; Sharoni et 
al.,  2004).  In  bacteria,  carotenoid  biosynthesis  genes  occur  in  clusters.  In  photosynthetic 
bacteria  the  carotenoid  genes  form  part  of  the  photosynthesis  cluster  along with  genes  for 
bacteriochorophyll  synthesis  and  various proteins, which occur  in  the  light  harvesting  arrays 
(Cogdell et al., 2000; Chew and Bryant, 2007). The very first carotenoid genes to be cloned and 
heterologously  expressed  were  the  carotenoid  photo‐pigment  genes  from  the  purple  non‐
sulfur photosynthetic bacterium R. sphaeroides (Pemberton and Harding, 1986 and 1987). This 
gene cluster encodes the synthesis of the red carotenoid sphaeroidenone and was expressed 
in  such  Gram‐negative  bacteria  as  Agrobacterium  sp.,  Paracoccus  sp.  and  Rhizobium  sp. 
Subsequently, a gene cluster encoding the carotenoid beta‐carotene, the precursor of vitamin 
A, was heterologously expressed  in E.  coli  K12. This gene cluster was  isolated  from the non‐
photosynthetic,  plant  pathogenic  Erwinia  herbicola  (Perry  et  al.,  1986).  More  recently,  a 
combination of  carotenoid genes  from Erwinia  and Rhodobacter have been used  to produce 
novel carotenoids in E. coli K12 (Lee et al., 2003). 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In circumstances where genes or genes clusters  from Streptomycetes and other bacteria are 
not  expressed  in E.coli  K12,  alternate heterologous hosts may be  required.   While  pPSX  is  a 
broad host range‐cloning vector of high stability in E. coli K12, it was of interest to determine 
its stability in alternate hosts when encoding the synthesis and expression of toxic (violacein) 
and non‐toxic (carotenoid) molecules.  
 
In  research presented  in  this chapter,  the broad host  range cloning vector pPSX was used to 
examine the cloning and heterologous expression of the violacein and carotenoid gene clusters 
in  five  alternative  hosts:  A.  radiobacter,  P.  denitrificans,  P.  stutzeri,  R.  eutropha  and  R. 
sphaeroides.  
 
7.2 Experimental Rationale 
 
As previously mentioned (2.11), selection of an effective vector  is an essential component of 
any  cloning  strategy.  Of  equal  importance  is  the  selection  of  the  appropriate  heterologous 
expression host. There are numerous heterologous hosts available, many of these are chosen 
for  a  specific  purpose  such as up‐scaling protein production or  the expression of  specialised 
hybrid proteins (Chemler and Koffas, 2008; Nijland and Kuipers, 2008).  Ideally, the use of pPSX 
(and  pPSY)  would  be  best  served  through  an  E.  coli  K12  expression  host.  However,  this 
scenario  is not always plausible and  in order  to cater  for such situations heterologous hosts, 
which work in harmony with pPSX, need to be developed. 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The  selection  of  heterologous  hosts  for  this  purpose  was  based  on  five  factors:  strain 
availability, growth conditions, growth rate, secretion capacity and the ability to express toxic 
and  non‐toxic  molecules.  Five  strains  were  selected  from  the  Australian  Collection  of 
Microorganisms  (ACM,  located  at  the  University  of  Queensland,  St.  Lucia  at  the  time  this 
research  was  performed).  These  organisms  were  P.  denitrificans,  P.  stutzeri,  R.  eutropha,  a 
blue‐green mutant of R. sphaeroides (containing a mutation in crtE) and A. radiobacter. These 
particular  strains  conformed  to  the  first  four of  these  requirements with  the exception of R. 
sphaeroides and P.  dentirificans.  These  particular  strains  have  a  slow  growth  rate,  however, 
they  are  tolerant  to  a  range  of  heavy metals  and  toxic  substances  (Koutny  and  Zaoralkova, 
2005; Buccolieri et al., 2006).  In addition, expression capabilities concerning multi‐gene toxic 
and non‐toxic molecules via pPSX remained to be tested.  In this  instance,  the toxic and non‐
toxic molecules were  to be  represented by violacein and carotenoids  respectively. Violacein, 
with  its  relatively  small  biosynthesis  gene  cluster  and  well‐known  antibacterial  properties 
made it an appropriate selection as the toxic molecule. These same characteristics were used 
in  the  selection  of  carotenoids  to  represent  non‐toxic  molecules.  A  number  of  carotenoid 
biosynthesis  gene  clusters  are  well  researched  and  defined.  However,  for  this  particular 
experiment,  the R. sphaeroides  carotenoid biosynthesis gene cluster was chosen since  it was 
readily available and the gene cluster was isolated on a previously generated plasmid construct 
(Table 3.6). 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7.3 Construction of Toxic and Non‐Toxic Multi‐gene Phenotype Vectors 
 
Considering  the  lack  of  transfer  genes,  pPSX  can  only  be  transferred  via  mobilisation  with 
another plasmid or through transformation. In addition to this, two variants of pPSX needed to 
be generated, each one containing either the carotenoid or violacein biosynthesis genes.    
 
pPSX::Tn5‐Crt+  was  constructed  by  transpositional  escape  of  Tn5‐Crt+  from  a  previsouly 
developed construct, pHC79::Tn5‐Crt+, onto pPSX (Table 3.6). The plasmid pHC79::Tn5‐Crt+ is 
both ampicillin and kanamycin resistant via pHC79 and Tn5‐Crt+ respectively. This construct is 
also unstable  in E.  coli K12,  thus,  subculturing E.  coli K12 pHC79::Tn5‐Crt+  in  the absence of 
selection pressure leads to rapid loss of this plasmid. pHC79::Tn5‐Crt+ was transformed into E. 
coli K12 LE392, already containing pPSX, to create E. coli     K12 LE392 pPSX, pHC79::Tn5‐Crt+. 
This strain was subcultured for 100 generations on PYE agar supplemented with 50 µg/mL of 
kanamycin (Km) to retain Tn5‐Crt+. In the absence of ampicillin, the unstable pHC79::Tn5‐Crt+ 
was lost. However the presence of kanamycin in the medium selected for the retention of Tn5‐
Crt+,  which  survived  by  transposition  to  pPSX.  When  survivors  were  tested  they  were 
trimethoprim  resistant,  kanamycin  resistant  but  ampicillin  sensitive.  Plasmid  DNA  was 
extracted from one survivor and transformed into E. coli K12 LE392. All tested transformants 
were  kanamycin  resistant  (Kmr),  trimethoprim  resistant  (Tpr),  ampicillin  sensitive  (Aps)  and 
were highly stable,  indicating a successful transposition of Tn5‐Crt+  into pPSX and the loss of 
pHC79. 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The generation of a pPSX variant, which contained the violacein biosynthesis cluster, had been 
developed by Dr. D. Sarovich  in a previous  study  (Sarovich and Pemberton, 2007). However, 
this construct had not been tested for expression in a wide variety of heterologous hosts. 
 
7.4 Mobilisation of pPSX Derivatives into Alternate Heterologous Hosts 
 
Since pPSX lacks the ability to transfer itself from cell to cell, it must be co‐transferred using a 
plasmid  of  a  different  Incompatability  (Inc)  group.  During  this  study,  the  plasmid  pED709,  a 
derivative  of  RP4  (Apr)  that  lacks  the  Kmr  gene,  was  used  for  mobilisation  experiments. 
Mobilisation was also performed on solid media as opposed to liquid formulations. As pPSX is 
an IncP plasmid, this was necessary as this particular group often express fragile sex pili (Sia et 
al., 1995).  Mobilisation was achieved using the following mating protocol: 
 
E. coli K12 pED709 was patch mated with either E. coli K12 pPSX::Tn5‐Crt+ or pPSX‐Vio+ on a 
PYE agar plate and incubated for 24 hours at 37°C. The mating was then streaked onto a PYE 
agar plate supplemented with both ampicillin and trimethoprim at 50 µg/mL and incubated for 
24  hours  at  37°C.  This  resulting  strain  of  E.  coli  K12,  now  containing  both  pED709  and 
pPSX::Tn5‐Crt+ or pPSX‐Vio+, was then patch mated with the alternative heterologous host of 
choice. To achieve mobilisation, patch matings were incubated at the appropriate temperature 
for  the alternative hosts on PYE agar plates  (section 3.1.3a). The subsequent mating was 16‐
streaked on PYE agar plates supplemented with 50 µg/mL of streptomycin and trimethoprim 
for  the  isolation of P. denitrificans, P.  stutzeri, R. eutropha and R. sphaeroides. A radiobacter 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was  isolated  using  a  PYE  agar  plate  supplemented  with  50  µg/mL  of  rifampicin  and 
trimethoprim. 
 
Mobilisation of the plasmids from E. coli K12 LE392 pED709, pPSX‐Vio+ and E. coli K12 LE392 
pED709,  pPSX::Tn5‐Crt+,  into  the  various  heterologous  hosts  was  always  successful,  but 
transfer occurred at relatively low levels between 1x10‐6 and 1x10‐8  per donor cell (Table 7.1). 
In these experiments pED709 mediated mobilisation of pPSX::Tn5‐Crt+ and pPSX‐Vio+ into the 
restrictionless mutant of P. stutzeri JMP783 was slightly higher than with R. eutrophus JMP228, 
A. radiobacter JMP961, P. denitrificans JMP928 and R. sphaeroides RS7001 recipient strains. In 
terms of mobilisation, P. stutzeri proved to be superior in acceptance of the pPSX vector than 
the other heterologous hosts. This may be due to the strain that was used: P. stutzeri 783 is a 
putative restrictionless mutant that has been used  in electroporation experiments previously 
published with transformants/exconjugants obtained at a rate of up to 106 electroporants per 
µg  of  plasmid  DNA  (Sarovich  and  Pemberton,  2007).  Whilst  this  number  was  not  achieved 
through mobilisation,  it  is more  interesting  to note  that  the  frequency  varied  little  between 
pPSX::Tn5‐Crt+  and  pPSX‐Vio+.  Since  violacein  is  toxic  to  the  host,  it was  expected  that  this 
number would decrease (Table 7.1). 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Table 7.1: Rate of Transfer of pPSX::Tn5‐Crt+ and pPSX‐Vio+ into Various Heterologous Hosts 
Using Conjugation and Electroporation. 
pPSX::Tn5‐Crt+  pPSX‐Vio+ Recipent strains 
Exconjugants 
per donor cell 
Electroporants 
per µg of DNA 
Exconjugants 
per donor cell 
Electroporants 
per µg of DNA 
Agrobacterium 
radiobacter JMP961 
1 x  10‐7  6 x 101                         2 x  10‐8  7 x 101 
Paracoccus denitrificans 
JMP928 
1 x  10‐7  undetectable  2 x  10‐7  undetectable 
Pseudomonas stutzeri  
JMP783 
1 x  10‐7  7 x 103  3 x  10‐7  1.2 x 104 
Ralstonia eutropha 
JMP228 
5 x  10‐9  2 x 102  2 x  10‐8  1.5 x 102 
Rhodobacter 
sphaeroidesRS7001 
(crtE‐ carotenoidless 
mutant) 
1 x  10‐7  7 x 101  2 x  10‐7  5 x 101 
 
7.5 Electroporation of pPSX::Tn5‐Crt+ and pPSX‐Vio+ into various heterologous hosts 
 
While  conjugation  is  a  reliable method of  transferring  pPSX  from E.  coli  K12  into  a  range of 
heterologous  hosts,  the  strain  construction  required  can  be  laborious.  Transformation  using 
natural or chemically induced competent cells may not work with some heterologous hosts. In 
addition,  transformation  is  size  dependent;  large  plasmids  (>15kb)  are  poorly  transformed. 
When  pPSX  is  used  to  clone  antibiotic  biosynthesis  gene  clusters  the  resulting  plasmids  can 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exceed 100kb in size making transformation difficult or impossible. In contrast, electroporation 
has a higher size threshold (Sheng et al., 1995). 
 
One of the most important barriers to plasmid transfer is the restriction enzyme system of the 
recipient.  Previous  research  demonstrated  that  the  recovery  of  electroporants was  100  fold 
higher  when  pPSX  was  electroporated  into  a  putative  restrictionless  mutant  of  P.stutzeri 
JMP783 compared with the original parental strain  JMP782 (Sarovich and Pemberton, 2007). 
The present study confirmed this result. Since violacein is a toxic molecule it might have been 
anticipated that the recovery of JMP783 electroporants for pPSX‐Vio+ would be lower than for 
pPSX::Tn5‐Crt+. However  the  frequency of electroporation  into  JMP783 varied  little between 
pPSX::Tn5‐Crt+ and pPSX‐Vio+ (Table 7.1).  
 
The  recovery of pPSX‐Vio+/pPSX::Tn5‐Crt+ electroporants  for  the heterologous hosts used  in 
this study was highly variable. The numbers of electroporants from P. sutzeri JMP783 were 1. 8 
x  10  3 per  µg  of  plasmid  DNA  while  the  other  heterologous  hosts  R.  eutrophus  JMP228,  A. 
radiobacter  JMP961,  P.  denitrificans  JMP928  and  R.  sphaeroides  RS7001  recipient  strains 
produced  between  10  and  90  electroporants  per µg  of  plasmid DNA.  Repeated  attempts  to 
electroporate P. denitrificans JMP928 failed (Table 7.1).  
Chapter 7: Expression of the Violacein and Carotenoid Gene Clusters in 
Alternative Gram‐Negative Heterologous Hosts 
137 
 
 
7.6 Expression of pPSX::Tn5‐Crt+ in alternate heterologous hosts 
 
Once pPSX::Tn5‐Crt+ had been transferred into each of the heterologous hosts, the expression 
capabilities were tested. Each alternative host, harbouring pPSX::Tn5‐Crt+ was plated onto PYE 
agar  supplemented with  50  µg/mL  of  Tp  and  incubated  for  required  temperature  and  time 
period  (3.2.1).  Of  the  five  hosts  chosen,  four  expressed  the  pPSX::Tn5‐Crt+  plasmid.  These 
were A. radiobacter, P. denitrificans, P. stutzeri and R. sphaeroides  (Figure 7.1). Expression of 
the distinct, orange, carotenoid colour was weak  in A. radiobacter, which was unexpected as 
past  studies  have  documented  the  successful  expression  of  the  Rhodobacter  carotenoid 
pathway  in  this  bacterium  (Pemberton  and  Harding  1986  and  1987)  (see  Figure  7.1a).  P. 
denitrificans demonstrated strong expression but had a poor transfer rate, most likely due to 
its  extremely  low  growth  rate  (see  Figure  7.1b). P.  stutzeri  also  demonstrated high  levels  of 
expression  and  high  transfer  efficiency  showing  over  production  of  carotenoids  whilst 
maintaining  plasmid  stability  (see  Figure  7.1c).  R.  sphaeroides  expressed  the  carotenoid 
biosnythesis cluster  in a much darker variant than that witnessed  in the other strains (Figure 
7.1.d). This is not unexpected since the carotenoid biosynthesis cluster used in this experiment 
was  originally  taken  from  R.  sphaeroides  R.  eutropha  did  not  produce  any  detectable 
carotenoids (Figure 7.1.e) 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Figure  7.1.  Rhodobacter  sphaeroides  Carotenoid  Gene  Cluster  Expressed  in  Heterologous 
Hosts.  A.  A.  radiobacter  pPSX::Tn5‐crt+;  B.  P.  denitrificans  pPSX::Tn5‐crt+;  C.  P.  stutzeri 
pPSX::Tn5‐crt+; D. R. sphaeroides pPSX::Tn5‐crt+; E. R. eutropha pPSX::Tn5‐crt+ incubated for 2 
days at the appropriate temperature (3.2.1). 
 
A  B 
C  D 
E 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7.7 Expression of pPSX‐Vio+ in Alternate heterologous Hosts 
 
Once pPSX‐Vio+ was transferred to the heterologous hosts,  the strains were plated onto PYE 
agar  supplemented  with  50  µg/mLof  Tp  and  incubated  for  requisite  temperature  and  time 
period (3.2.1). The resulting single colonies were visually screened for transfer efficiency (Table 
7.1)  and  the  expression  of  the  purple‐pigmented  violacein  (Figure  7.2). Of  the  heterologous 
hosts used, A.  radiobacter, P. stutzeri and R. eutropha demonstrated equal ability  to express 
violacein (Figure 7.2.a, 7.2.c and 7.2.d respectively). Low levels of production of violacein were 
observed  in  P.  denitrificans.  While  the  violacein  cluster  was  strongly  expressed  in  R. 
sphaeroides RS7001 (Figure 7.2.e). 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Figure 7.2. Production of Violacein in Heterologous Hosts. A, A. radiobacter pPSX::Tn5‐vio+; B,  
P. denitrificans pPSX::Tn5‐vio+; C,  P. stutzeri pPSX::Tn5‐vio+; D, R. eutropha pPSX::Tn5‐vio+; E,  
R.  sphaeroidespPSX::Tn5‐vio+.  Plates  were  incubated  for  2  days  at  the  appropriate 
temperature (3.2.1). 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7.8 Stability of pPSX::Tn5‐Vio+ and pPSX::Tn5‐Crt+ In Various Heterologous Hosts 
 
While  pPSX‐Crt+  and  pPSX‐Vio+  were  absolutely  stable  in  E.  coli  K12  in  the  absence  of 
antibiotic selection pressure, they were unstable in all the other heterologous hosts tested in 
this  study.  Regardless  of  whether  pPSX‐Crt+  and  pPSX‐Vio+  were  introduced  into  the  five 
heterologous hosts by conjugation or electroporation, after 100 generations on non‐selective 
medium  between  92  and  99  per  cent  of  the  colonies  had  lost  the  plasmid.  For  expression 
studies, the various heterologous hosts containing pPSX‐Crt+ or pPSX‐Vio+ can be maintained 
on media selective for the plasmid antibiotic resistance gene; in this instance it is trimethoprim. 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7.9 Discussion 
 
Observing  the  expression  capabilities, whilst  impressive  visually, were  only  one  facet  of  this 
chapter  of  research.  The  subtle,  but  equally  important,  objective was  to  determine  transfer 
capabilities of  pPSX across multiple heterologous hosts using biosynthetic  gene  clusters  that 
would  test  stability.  Both  the  carotenoid  and  violacein  biosynthesis  gene  clusters  were 
expressed  in  alternative  heterologous  hosts.  Of  these,  A.  radiobacter,  P.  stutzeri  and  R. 
sphaeroides showed the highest  levels of expression for both biosynthetic clusters. However, 
transfer  rates  to  these  hosts  were  not  ideal  and  many  presented  transfer  rates  that  were 
simply too low to be useful in large‐scale transfer and expression studies involving cosmid/BAC 
clone  banks.  Nevertheless  once  a  pPSX  Cosmid/BAC  clone  encoding  but  not  expressing  a 
biosynthetic  cluster  in  E.  coli  K12  was  identified,  this  could  be  transferred  to  the  alternate 
heterologous  hosts  to  determine  expression.  This  was  true  of  the  Rhodobacter  carotenoid 
gene cluster. While not expressed in E. coli K12 it is readily expressed in a number of alternate 
heterologous  hosts.  While  pPSX  does  not  exhibit  the  high  stability  observed  in  E.  coli  K12, 
nevertheless  it  is  stable  enough  using  trimethoprim  selection  to  determine  if  gene  clusters 
cloned into this broad host range vector can be expressed in alternate heterologous hosts such 
as A. radiobacter, P. stutzeri, P. denitrificans or R. sphaeroides. 
 
Once  identified,  it may  be  a  relatively  simple matter  to modify  E.  coli  K12  and/or  the  gene 
cluster  to  gain  stable  high  level  expression  in  this  the  most  widely  used  of  all  hetrologous 
hosts. 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The  research  presented  in  this  thesis  produced  a  number  of  important  findings.pPSX  is  a 
14.7kb COSMID/BAC cloning and expression vector based on a minimal  replicon of  the 34kb 
IncW broad host range plasmid pR388. Sequencing of pPSX revealed that this plasmid consists 
of  two continuous  segments of pR388  fused  together. pPSX  is highly  stable and has a broad 
host range making it ideal for the cloning and expression of a wide range of single and multiple 
gene  phenotypes  in  E.  coli  K12  and  other  genetically  amenable  heterologous  hosts.  The 
sequencing  has  revealed  that  pPSX  has  retained  the  two  stability  operons  of  the  parental 
plasmid  pR388.  The  operons  are  contiguous,  each  contains  three  genes  and  are  divergently 
transcribed.    Surprisingly  ppSX  encodes  only  one,  ParB,  of  the  three  canonical  plasmid 
partitioning functions; there are no homologs of the other two partitioning functions, ParA or 
ParS. Remarkably  this  small, highly  stable, broad host  range,  cloning vector pPSX, allows  the 
stable cloning and expression in E.coli K12 of genes from the prolific antibiotic producers, the 
streptomycetes, using the native streptomycete promoters. 
 
Genomic sequencing data is available for a wide range of bacteria. Genes and groups of genes 
<10kb  can  be  readily  accessed  by  PCR  and  cloned  into  suitable  vectors  for  heterologous 
expression  and  functional  analysis.  While  pPSX  is  a  general  BAC/COSMID  cloning  vector,  a 
second  vector  pPSY  was  constructed  specifically  for  the  stable  cloning  and  heterologous 
expression of PCR products. pPSY is a, 12kb cloning vector derived from the IncW plasmid R388. 
To demonstrate the utility of pPSY,  three different genes were amplified by PCR, cloned  into 
pGEM‐T  Easy  and  sub‐cloned  into  the  EcoRI  site  of  pPSY.    This  plasmid  does  not  possess 
promoters on either  side of  the EcoRi  site capable of driving  transcription of  inserted genes. 
Expression of cloned genes will only occur if the native promoters work in E. coli K12. Previous 
work in this laboratory has shown that when vioA, a monooxygenase involved in the synthesis 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of  the  indolocarbazole antitumour antibiotic violacein, was amplified by PCR and cloned  into 
the EcoRI site of pPSY it was strongly expressed in E. coli K12 from its native promoter; in this 
instance  the  native  promoter  came  from  the  Gram‐negative  bacterium  Chromobacterium 
violaceum (Philip et al., 2008). In the same study, two other genes encoding a streptomycete 
recombinase  A  (recA)  and  an  amylase  (amyA)  of  S.  lividans  were  tested  for  heterologous 
expression.    recA  lacked  its native promoter  sequence and was only expressed  in E.  coli K12 
from  the  lac  promoter.  In  contrast,  the  S.  lividans  amylase  gene,  in  pPSY,  was  strongly 
expressed  in  E.  coli  K12  from  its  native  promoter.  These  results  demonstrate  that 
streptomycete genes cloned into pPSY can be cloned amd stably expressed in E. coli K12 from 
their own promoters.  
 
pPSX  is  a  general  purpose  COSMID/BAC  vector  which  was  constructed  to  allow  the  stable 
cloning and heterologous expression of multi gene phenotypes, including gene clusters ranging 
from  10kb  to  150kb  or  more.    Actinobacteria  are  a  large  group  of  biologically  significant 
bacterial  genera,  which  include  Streptomyces,  Mycobacterium,  Nocardia,  Rhodococcus  and 
Gordonia.  Genomic  sequencing  of  actinobacteria  has  revealed  a  wealth  of  accessory  gene 
clusters devoted to  the catabolism of complex molecules and the synthesis of antibiotics. To 
date,  the  cloning  vector  pPSX  allows  the  stable  cloning  and  expression  of  antibiotic  gene 
clusters  from high G+C Gram‐negative bacteria and  individual catabolic genes  from high G+C 
Gram‐positive  Streptomycetes  in  E.  coli  K12.  To  extend  these  observations  to  other 
actinomycete  genes,  a  pPSX  cosmid  clone  bank  of  the  actinomycete  L.  aerocolonigenes was 
constructed  in E.  coli  K12  LE392.  This  clone  bank was  screened  for  gene  expression  using  a 
novel medium, Philip Methylene Blue Salt (PMBS) agar, developed during this current research. 
Between 1‐2 per cent of the pPSX cosmid clones grew slowly and turned intense blue on PMBS 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agar. The most likely explanation for this intense blue color is oxidation of methylene blue by a 
cosmid  encoding  an  active  oxygenase.  When  the  first  of  these  cosmid  clones,  designated 
LACB1,  was  sequenced  it  revealed  a  cluster  of  catabolic  genes.  One  of  these  genes,  pcpB, 
encoded  a  pentachlorophenol‐4‐monooxygenase.  Pentachlorophenol  (PCP)  is  a  biocide  and 
the cosmid pLACB1 conferred PCP resistance on E. coli K12, R. eutropha JMP228 and P. stutzeri 
JMP783. Subcloning revealed that pcpB alone confers resistance to PCP as well as the ability to 
absorb/oxidize methylene blue. Since many catabolic and antibiotic biosynthesis gene clusters 
possess oxygenase genes, PMBS agar could be used to identify their expression in E. coli K12.  
 
When gene  clusters  can be  cloned and expressed  in E.  coli  K12  functional  analysis  is  greatly 
accelerated.  In  some  instances,  the  gene  clusters  may  not  contain  all  the  genes  for  the 
phenotype and therefore, additional genes must be supplied by the host. If E. coli K12 does not 
possess  these  additional  genes  then  other  genetically  amenable  hosts  can  be  used  to  gain 
expression.  In  the  present  study,  the  carotenoid  gene  cluster  from  R.  sphaeroides  and  the 
violacein gene cluster  from C.  violaceum were cloned  into pPSX and expressed  in a  range of 
heterologous hosts. While E. coli K12 does not express the carotenoid cluster, this cluster was 
expressed in P. stutzeri, P. denitrificans, A. radiobacter and R. sphaeroides. It may be possible 
to express the carotenoid gene cluster in E. coli K12 by supplementing its genome with genes 
from  the  other  four  bacteria.  In  contrast,  the  violacein  gene  cluster  was  expressed  in  all 
heterologous hosts including E. coli K12. This suggests that pPSX can be used to clone, express 
and  functionally  analyse  complex  multi‐gene  phenotypes  in  a  surprisingly  wide  range  of 
genetically amenable heterologous hosts, including E. coli K12 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The new  fields of bioinformatics and metagenomics, while having  contributed greatly  to our 
base of scientific knowledge; cannot always deliver the functional expression required for the 
application  of  genetic  phenotypes.  The  research  presented  in  this  thesis  applies  a  simple 
strategy  of  combining  a  powerful  vector,  with  a  range  of  amenable  heterologous  hosts  to 
achieve  functional  expression  of  complex  phenotypes.  Whilst  the  current  research  present 
herein describes, in depth, the vectors and hosts individually, time only permitted preliminary 
research into the combined use as a potential solution for functional expression studies.  
 
Concerning the combined use of vector and hosts; it would be beneficial, in the future, if test 
cases could be designed using real metagenomic samples. Future directions from here forward 
would  also  focus  on  the  elucidation  of  the  PCP  degradation  pathway,  if  present,  in  L. 
aerocolongines. 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